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Wood is a natural and renewable resource and, moreover, a most decorative and beautiful 
material. Most valuable logs are used for veneer production for optimum exploitation and 
utilization. Attractive wood veneers adorn any surface and is primarily used for furniture, 
yacht and automotive interior works. However, such application of wood veneer is limited to 
rather simply shaped carrier components due to the veneer’s mechanical restrictions. 
Previously, several approaches have been discussed to flexibilize wood allowing a greater 
deformation, but none approach has been entirely satisfactory. On that score, another veneer 
modification process has been suggested comprising a furfuryl alcohol impregnation to 
plasticize the wood veneer realizing enhanced veneer flexibility and mouldability (Pfriem and 
Buchelt 2011b). In the presence of a suitable initiator and promoted by elevated temperatures, 
furfuryl alcohol forms a very hard, insoluble polymer inside the wood cell walls. If 
polymerization is initiated as the impregnated veneer is moulded, the polymer is assumed to 
fix the gained shape.  
This thesis summarizes experimental work investigating the effect of furfuryl alcohol 
modification on maple veneer plasticization, shape fixation, and shape stability and the impact 
of various process parameters on material characteristics. Veneer samples impregnated with 
furfuryl alcohol exhibited an increased cell wall swelling, were notably softer than dry 
reference veneer, and showed an enhanced mouldability comparable to water impregnated 
veneer samples. Each characteristic is indicative for an increased plasticization.  
DSC studies were carried out to assess the influence of various initiator contents and ethanol 
dilutions of the impregnation liquid on the curing reactions and the retained polymer yield. 
Thereby, high initiator contents promoted a more rapid curing at lower temperatures with 
higher polymer yields, whereas higher dilution shifted the curing towards higher temperatures 
and possibly retard the curing resulting in lower polymer yields. 
The furfuryl alcohol polymer retaining inside the cell walls was proved to fix the achieved 
shape of veneer providing moreover enhanced shape stability at elevated temperatures and 
increasing moisture compared to unmodified reference veneer samples.  
According to these findings, furfuryl alcohol modification can be used for wood veneer 
plasticization and improved mouldability, shape fixation, and stabilization. However, material 







Holz ist nicht nur eine natürlicher und nachwachsender Rohstoff, sondern vielmehr auch ein 
sehr dekoratives und schönes Material. Die wertvollsten Baumstämme werden daher häufig 
zur Furnierproduktion genutzt, um diese raren Stämme bestmöglich auszunutzen und zu 
verwerten. Besonders schöne Furniere schmücken jegliche Oberfläche und werden vorallem 
in der Möbelindustrie, sowie beim Yacht- und Autoinnenausbau verwendet. Jedoch ist die 
Anwendung aufgrund mechanischer Restriktionen auf eher einfach geformte Oberflächen und 
Trägerteile begrenzt. In der Vergangenheit wurden unterschiedliche Methoden entwickelt, um 
den Einsatzbereich von Furnieren durch eine erhöhte Flexibilität und Verformbarkeit 
auszuweiten, jedoch ist keiner dieser Prozesse in allen Aspekten zufriedenstellend. Aus 
diesem Grund wurde von Pfriem und Buchelt (2011b) eine neue Methode vorgeschlagen. 
Hierbei sollen Furniere mit Furfurylalkohol imprägniert werden, um einerseits die Furniere zu 
plastifizieren und eine erhöhte Flexibilität und Umformbarkeit zu ermöglichen. Andererseits 
härtet Furfurylalkohol in Gegenwart eines geeigneten Initiators und durch erhöhte 
Temperaturen begünstigt aus und bildet in den Zellwänden ein hartes, weitestgehend 
unlösliches Polymer aus. Hierbei wird angestrebt, die Polymerisation zu initiieren, wenn das 
imprägnierte Furnier bereits umgeformt ist, so dass das entstehende Polymer das Furnier im 
umgeformten Zustand fixiert. 
Die vorliegende Dissertation fasst die erzielten Ergebnisse von Experimenten zusammen, die 
durchgeführt wurden, um die plastifizierende Wirkung von Furfurylalkohol auf Ahornfurniere 
sowie die formfixierende und stabilisierende Eigenschaft des ausgehärteten Polymers zu 
untersuchen und den Einfluss unterschiedlicher Prozessparameter auf erzielte 
Materialeigenschaften zu bestimmen. 
Es konnte nachgewiesen werden, dass durch die Imprägnierung mit Furfurylalkohol ein 
Quellen der Zellwände verursacht wird und dass die getränkten Proben deutlich weicher sind 
als die Referenzproben und eine erhöhte Umformung aufwiesen. Diese erzielten Änderungen 
weisen auf eine deutliche Plastifizierung der Holzsubstanz hin. DSC-Analysen von Furnieren, 
die mit unterschiedlich zusammengesetzten Imprägnierflüssigkeiten auf Basis von 
Furfurylalkohol imprägniert wurden, belegen den Einfluss unterschiedlicher Initiatoranteile 
und Verdünnungen mit Ethanol auf die Polymerisation. Während höhere Anteile an Initiator 
eine rasche Reaktion bei niedrigeren Temperaturen und einen hohen Beladungsgrad 
hervorrufen, bewirken starke Verdünnungen des Furfurylalkohols mit Ethanol eine 
Verzögerung der Polymerisation und eine Verschiebung dieser zu höheren Temperaturen bei 
gleichzeitigen vergleichsweise geringen Beladungsgraden. Mit weiteren Versuchen konnte 
bestätigt werden, dass das Polymer des Furfurylalkohols in den Zellwänden die erzielte 
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Umformung der Furniere fixiert und auch bei höheren Temperaturen und Luftfeuchten eine 
erhöhte Formstabilität bewirkt. 
Die Versuche haben gezeigt, dass Furfurylalkohol zur Plastifizierung und verbesserten 
Umformbarkeit von Furnieren sowie zu deren Formfixierung und Formstabilisierung genutzt 
werden kann, allerdings variieren die Materialeigenschaften mit unterschiedlichen 
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Face wood veneers are produced from the most precious and beautiful trunks mainly for 
economic reasons and efficient exploitation of this valuable material. In many industries, 
especially in furniture, automobile and yacht interior industry, valuable wood veneers are of 
high most interest for decorative purposes. Applied on the surface of inexpensive carrier 
components, veneers give a product a decorative and valuable appearance. Due to the 
development of various methods and techniques, carrier materials can be produced in nearly 
any shape and dimension. Yet, the veneer application on surfaces is limited to fairly simple 
shaped components due to its mechanical restrictions. During moulding, various stresses are 
applied to the veneer. When those stresses exceed the strength of the veneer, moulding 
primarily results in cracks causing significant damage to the veneer (Wagenführ and Buchelt 
2005). Minor damages can be concealed, though this process is time-consuming and costly. 
Thus, extensive research has been done in the field of wood and veneer moulding during the 
last decades. Various methods and techniques could be identified to enhance the veneer’s 
flexibility and plasticity. However, none approach has been fully satisfying for several 
reasons.  
In the present work results are presented and discussed from wood veneer impregnation with 
furfuryl alcohol suggesting a novel approach to enhance the moulding of veneer. The 
involved experimental work comprises studies on the plasticizing effect of furfuryl alcohol on 
wood cells, the polymerization of furfuryl alcohol as well as the form stability of furfuryl 
alcohol modified veneers. 
1.2 State of Research 
1.2.1 Characteristics and Production of Wood Veneer 
1.2.1.1 Veneer Production 
According to DIN 4079:1976-05 veneers are defined as thin sheets made from wood by 
peeling, slicing, or sawing. DIN 4079:1976-05 suggests a standard thickness of 0.5 to 1 mm 
(+/- 0.03 mm at a wood moisture content ω = 11 - 13%) for commercial face veneers. 
DIN EN 313-2:1999-11 defines veneers with a maximum thickness of 7 mm. Yet, the 
appointed maximum thickness is primarily used for the production of peeled veneers for 
laminboards (Lohmann 2010).  
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DIN 68330:1976-08 specifies different veneer categories by the mode of production or by 
application (figure 1). 
  
Figure 1: Veneer classification according to DIN 68330:1976-08 
Nowadays, the industrially most relevant veneer production methods are peeling and slicing 
(Sellers 1985). Sawn veneers are commercially less interesting due to the high material loss 
and low productivity. Thus, veneer sawing is mainly used for the production of rather thick 
veneers (thickness ≥ 1.5 mm) with the advantage of low failure due to cracks caused by 
bending stresses during peeling and slicing (Lutz 1977). In the production process various 
slicing and peeling techniques are established each creating a characteristic veneer appearance 
(figure 2). Rotary peeling of logs is primarily used to obtain a maximum yield of veneers 
especially for less decorative purposes, e.g. for plywood production. An exception is the 
production of exquisite, high-value burl and bird’s eye veneer, which are also produced as 
rotary-cut veneer (Wiedenbeck et al. 2003). Other peeling and slicing techniques are 
commonly used for veneers with decorative purpose. Among these, mainly sliced veneers are 
used in furniture and interior industry for visible surface applications (Lutz 1977).  
As mentioned above, small cracks parallel to the grain can occur during peeling and slicing 
due to bending stresses caused by the blades. These cracks cause a visual difference between 
the two sides of a veneer, the so-called “open” and “closed” side. Beneath visual appearance, 
cracks possibly lead to a changed physical behavior. Coatings applied on the surface will be 
distributed partially uneven and a diverging swelling and shrinkage behavior can initialize a 
subsequent failure of a coating (Lohmann 2010). Furthermore, cracks present a weak point in 
a material especially when exposed to mechanical stresses. Various methods have been 
developed to reduce fracturing, e.g. slicing veneer logs lengthwise parallel to the grain will 
lead to less cracks and significantly increased strength perpendicular and parallel to grain 
orientation (Pfriem and Buchelt 2011a). 
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Figure 2: Wood veneer production techniques and achieved texture , modelled after Initiative 
Furnier + Natur e.V. (2011) and  www.danzer.com  
Prior to veneer peeling and slicing, logs must be debarked and cut into specific flitches to 
obtain veneers with the intended visual characteristics. Best cutting is achieved for logs above 
fibre saturation point (Lutz 1977). Thus, veneer flitches are either in green condition or 
flitches are steamed or placed in hot water for plasticization to allow optimum cutting 
(Fleischer 1959; Resch and Parker 1979). Temperature and duration of this process step are 
distinctly affected by the wood species, flitch dimensions, and initial moisture content and 
vary with the experience of each company. Higher temperatures possibly result in irreversible 
discolouration of veneers (Burtin et al. 2000; Charrier et al. 2002; Kollmann et al. 1951; 
Straze et al. 2003; Sundqvist 2002; Varga and van der Zee 2008). Thus, light-coloured wood 
species, e.g. maple (Acer spec.) and beech (Fagus sylvatica L.), are optionally plasticized in 
water at minimum heat to avoid or reduce a change in colour (Lutz 1977). 
After production, moist veneers are flattened, dried and bundled in packages. 
1.2.1.2 Anisotropic Behaviour 
Wood is a heterogeneous material with its structural characteristics originating from the 
growth of a living tree. Growing from a small seedling to an adult tree, layers of cells are 
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added over the years and seasons to the wooden body generated from unspecified embryonic 
cambium allowing the tree to grow in height and thickness. These cells are mainly oriented 
axially to the lengthwise growth of trees. In wood, this growing mechanism becomes 
especially visible in growth rings and grain orientation. Simplified, the structure of wood is 
organized along the three axis radial, longitudinal, and tangential (figure 3). 
 
Figure 3: Anisotropic structure of wood 
Thus, the texture of a wooden product or veneer varies distinctly with its original position in a 
tree and the chosen direction of cutting or sawing (figure 2). Furthermore, this structural 
anisotropy affects considerably the physical and mechanical properties of wood. Numerous 
examinations investigated and determined the effect of grain direction on the physical and 
especially mechanical properties of wood (e.g. Backman and Lindberg 2001; Forest Products 
Laboratory (U.S.) 1989; Rowell 2012; Tsoumis 1991). A similar impact of anisotropy has 
been found for veneers. Christiansen and Knaebe (2004) reported about the effect of 
anisotropy on wood veneer regarding the swelling and shrinkage behaviour. Thus, the author 
found lowest dimensional stability for peeled and flat-cut wood veneers. Buchelt and Pfriem 
(2011a) and Wagenführ et al. (2005) found a similar impact of grain direction on tensile 
strength and modulus of elasticity for veneers (thickness 0.5 mm). Yet, for both properties 
values were significantly lower for veneers compared to solid wood specimens taken from the 
same beech log. Lowest tensile strength was found when stress was applied parallel to fibre 
orientation in radial direction. Consequently, rift veneers are characterized by lowest tensile 
strength parallel to grain due to the pronounced radial cutting. As expected, veneers of the 
ring-porous wood species oak (Quercus spec.) exhibit a further reduction in tensile strength 
and flexural modulus compared to diffuse porous wood species due to large vessels in the 
early wood and the distinct wood rays (Buchelt and Wagenführ 2008; Buchelt and Pfriem 
2011). However, for maple (Acer pseudoplatanus L.) and American walnut (Juglans nigra L.) 
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veneers (thickness: 0.25, 0.4, 0.6, 0.8 mm) the effect of anisotropy on mechanical properties 
diminishes notably with the thickness of veneers. No influence of dimension on the 
anisotropic behaviour was found for beech (Fagus sylvatica L.) veneers. These specimens 
showed a nearly isotropic bending regardless of the specimens’ thickness (Wagenführ et al. 
2005).  
During moulding, tensile and compression stresses are applied to veneers at a certain strain. 
Especially in dry condition, wood is unable to flow and a moulding process will finally result 
in damaged moulded products when the introduced stresses and strains exceed the veneer’s 
capability. The failure becomes apparent by cracks parallel to grain direction due to tensile 
stress exceeding the relatively low tensile strength perpendicular to fibre orientation or by 
wrinkling as compression passes the veneer’s strength (Wagenführ et al. 2005). Wagenführ et 
al. (2005) studied the failure behaviour of veneers with various thicknesses under mechanical 
load in accordance to Erichsen cupping test (DIN 50101-2:1979-09 withdrawn; replaced by 
DIN EN ISO 20482:2013). Wrinkling and crack formation was proved evident for thin 
veneers (thickness < 0.5 mm), whereas thicker veneers failed due to tensile stresses exhibiting 
a crack in longitudinal orientation approximately in the middle of the circular specimens. 
Identical failure was observed for veneers moulded parallel to grain orientation (figure 4). 
 
 
Figure 4: Wood veneer fracturing due to stresses applied during moulding  
These mechanical properties of veneers explain the partially small realizable shaping paths 
and angles during veneer moulding. Thus, various approaches were done to improve the 
flexibility wood veneer and the correlating moulding. In addition, extensive studies were done 
on solid wood in order to enhance wood bending. Presumably, most findings from solid wood 
are applicable on veneer, too. 
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1.2.2 Wood and Wood Veneer Mouldability 
1.2.2.1 Methods of Enhanced Wood and Wood Veneer Mouldability 
In this chapter, a brief outline will be given about possible methods for enhanced wood and 
veneer flexibility with special focus on wood plasticization. More details on possible 
flexibilization of veneers were lately summarized and discussed by Heymann (2010). The 
author categorizes known veneer flexibilization approaches according to the method used into 
hydromechanical, chemical, enzymatic, and hygrothermal flexibilization. Furthermore, an 
increase in flexibility due to additional layers during bending is mentioned as well as further 
particular approaches (table 1). Apart from latter, the suggested methods differ from each 
other by the mode of action. During enzymatic and some chemical treatments (e.g. ammonia) 
wood components are partly irreversibly modified or degraded leading to permanently 
changed mechanical behaviour of the wood substance (Goswami et al. 2008; Parham 1971a; 
Parham 1971b). In contrast, hydromechanically increased flexibility is based on structural 
changes on cellular level. Due to increased humidity and elevated temperatures cell walls are 
pliable allowing a compression or densification. Subsequently, densified or lengthwise 
compressed wood can be shaped at increased humidity in the range of length saved due to 
compression or densification. The same mechanism of cell wall softening affected by 
humidity and temperature is used for hygrothermal flexibilization enabling a temporary 
bending and shaping of wood (e.g. Fuchs 1963). This effect is reversible since all main wood 
components remain almost unchanged and cell walls are softened only for the moment of 
processing. Among all hygrothermal treatments, steaming is the most established and 
traditional processing (Nicholas 1973). Apart from temperature, various chemicals, 
summarized e.g. in Nicholas (1973) and Heymann (2010), soften wood cell walls similar to 
water (table 1). This mechanism of cell wall softening is commonly referred to as 
plasticization. 
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1.2.2.2 Wood Plasticization 
Wood cell walls are mainly built from the three macromolecules cellulose, polyoses, and 
lignin. Thereby, the particular composition of wood varies with each species, but also with 
and within each tree and over each cell wall (e.g. Fengel and Wegener 2003; Timell 1967). 
Native cellulose is a linear macromolecule made of β-D-glucose monomers linked by β-1,4- 
glycosidic bonds with a DP of more than 10.000 β-D-glucose units depending on the 
determination method and species used (Goring and Timell 1962; Higuchi 1985). Each 
glucose monomers has three hydroxyl groups available for intra- and intermolecular hydrogen 
bonds. Due to these hydrogen bonds, single cellulose chains are aligned parallel to each other 
forming an ordered, twisted, semi crystalline structure (micelles) with only small regions of 
unordered, amorphous cellulose chains. Early researcher suggested different models claiming 
sequences of amorphous and crystalline regions of cellulose (e.g. Frey-Wyßling 1951). In 
Fengel and Wegener (2003) various models are summarized and differences displayed. More 
recent findings indicate that amorphous regions built from highly-ordered but non-crystalline 
cellulose assemble the surface of microfibrils (Hofstetter and Gamstedt 2009; Larsson et al. 
1999). The micelles are bundled, embedded in polyoses, and surrounded by polyoses and 
lignin molecules (figure 5).  
 
 
Figure 5: Organization of cellulose, polyoses, and lignin in the cell wall; according to Fengel and 
Wegener (2003), modified 
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The micelles built the base for the further hierarchical organization of cell walls, i.e. 
assembled micelles together with polyoses and lignin form microfibrils and moreover 
macrofibrils and eventually wood fibres (Stamm 1964; Treiber 1957).  
In contrast to cellulose, lignin and polyoses are branched and amorphous, non-crystalline 
macromolecules. Polyoses are low-molecular weight polysaccharides built from various 
pentoses and hexoses (Dennis and Preston 1961; Timell 1967). Several classifications of the 
heterogenic group of polyoses were discussed over the last decades. Nowadays, the perhaps 
most common classification distinguishes polyoses by their main component into the groups 
of xylans, glucomannans, glucans, galactans, and pectins (Fengel and Wegener 2003). The 
main chains of polyoses are notably shorter (DP = 50 - 200) than cellulose chains and side 
groups impede any mutual alignment of chains leading to an irregular structure (Fengel 1971). 
Yet, studies proved an orientation of glucomannan and xylan parallel to the cellulose 
microfibrils in the S2-layer of spruce fibres (Picea abies (L.) H. Karst.) with close 
organization of glucomannan and cellulose (Akerholm and Salmén 2001; Stevanic and 
Salmén 2009). Furthermore, Sorvari et al. (1986) found rhamnose, arabinose, xylose, and 
galactose primarily in the middle lamella. In opposite, mannose and glucose are 
predominantly present in the S-layers of spruce wood (Picea abies (L.) H. Karst.). A different 
result was found for aspen (Populus tremula L.) where an unbranched type of xylan is 
strongly affiliated to cellulose (Dammström et al. 2009). The authors suggest that possibly 
xylans act in hardwood like glucomannans in softwood. Generally, hardwood polyoses 
include higher percentages of xylans than glucomannans. The opposite is found for softwood 
polyoses. However, percentages vary in particular with the species and tree as well as with 
each cell wall layer (Timell 1967).  
Alike polyoses, lignin is an amorphous substance. Lignin is described as 3-dimensional, 
highly branched heterogeneous polymer built from the three phenylpropane units sinapyl, 
coniferyl, and p-coumaryl alcohol (Freudenberg 1959) linked by various ether and C-C bonds 
(Glasser et al. 1976). It is found in highest concentration in the middle lamella and cell 
corners (Fromm et al. 2003; Whiting and Goring 1982). The structure of lignin in the middle 
lamella differs from lignin in the secondary cell wall probably due to the different 
mechanisms of development. Middle lamella lignin is characterized as fully isotropic, 
whereas lignin in the S2-layer of the cell wall shows some orientation along microfibril 
orientation (Ruel et al. 1978; Salmén et al. 2012; Sorvari et al. 1986; Whiting and Goring 
1982). Furthermore, lignins of softwood and hardwood tree species differ from each other. 
Softwood lignin is predominately built from coniferyl alcohol units, whereas hardwood lignin 
combines sinapyl and coniferyl alcohol in various proportions (Freudenberg 1959). Both 
softwood and hardwood lignins include p-coumaryl alcohol in minor proportions only.  
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As indicated, there are structural interfaces between the wood components. On one hand side, 
polyoses and lignin macromolecules are associated by covalent bonds and intermolecular 
forces building a lignin-carbohydrate- complex (Eriksson et al. 1980; Iversen 1985; Lawoko 
et al. 2005; Page 1976; Takahashi and Koshijima 1988). On the other hand, some association 
of particular polyoses with cellulose is plausible (Olsson and Salmén 2004; Page 1976). Thus, 
polyoses are proposed to act as coupling agent between the highly ordered, semi-crystalline, 
and wood structure giving cellulose and the essentially supporting, compressive strength and 
stiffness adding lignin (Page 1976).  
 
The knowledge of the ultrastructure of wood and the wood components is essential to 
understand and explain the mechanisms of wood plasticization. In general, wood 
plasticization is a temporarily conversion of wood into a phase of increased deformability and 
mouldability demanding less energy characterized by lower glass transition temperatures and 
smaller flexural modulus (Lohmann 2010; Nicholas 1973). Wood can be plasticized by 
increasing temperature especially above the glass transition of polyoses and lignin, the most 
relevant thermoplastic wood cell wall components (Sakata and Senju 1975; Salmén 1982). 
Traditionally, plasticization is realized by hygrothermal treatment of wood, e.g. by steaming 
or cooking. An increased moisture content of wood leads essentially reduces the glass 
transition temperatures of polyoses and even more of lignin (figure 6). 
 
Figure 6: The effect of moisture on glass transition temperatures Tg of cellulose, polyoses, and 
lignin (Salmén and Hagen 2002) 
At glass transition lignin and polyose change from hard and glassy to rubbery, viscous 
consistence promoting a softening of the wood cell walls (Atack 1981; Cousins 1976; Green 
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et al. 1999; Lenth and Sargent 2008; Sakata and Senju 1975; Salmén 1984; Salmén and Back 
1977).  
This behavior can be explained by the chemical constitution of wood polymers and their 
affinity to water adsorption and accessible hydrophilic functional groups. As described before, 
cellulose is a highly ordered semi-crystalline structure with chains strongly linked by 
numerous hydrogen bonds. Thus, water cannot enter the cellulose structure. Hydroxyl groups 
available for hydrogen bonding with water molecules are restricted to the amorphous regions 
of the cellulose, i.e. at the microfibril surface (Hofstetter and Gamstedt 2009; Larsson et al. 
1999). In contrast, polyoses contribute a high number of accessible hydroxyl groups; lignin 
offers a relatively small number of accessible hydroxyl groups. These hydroxyl groups are 
highly affine for hydrogen bonding and water sorption (Cousins 1978; Heitner et al. 2010; 
Olsson and Salmén 2004; Zhang et al. 2011). Under dry conditions, sorption sites are 
occupied by intermolecular hydrogen bonding. With increasing humidity, water infiltrates the 
amorphous polymers cleaving the existing hydrogen bonds between the macromolecules and 
building a single layer of hydrogen bonds with the sorption sites (figure 7). Further water 
molecules diffuse into the structure segregating the polyose and lignin molecules by 
polymolecular layers and water clusters leading to a greater intermolecular distance (Hartley 
et al. 1992; Heitner et al. 2010; Hill et al. 2009; Skaar 1988).  
 
 
Figure 7: Localization of water inside the cell wall ultrastructure; according to Harrington (2002), 
modified 
In consequence, the wood cell walls swell proportionally with the moisture content until fibre 
saturation. Beyond fibre saturation, water molecules are deposit in voids with no further effect 
on cell wall swelling (Stamm 1935). In response to the adsorbed water and the resulting 
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weakened molecular bonds mechanical properties change. Microfibrils are increasingly 
relocatable indicated be higher deformability and lower stiffness (e.g. Gerhards 1982). The 
moisture uptake leads to a shift of the glass transition temperature of lignin and polyoses. 
Salmén (1982) reports about glass transition temperatures of isolated lignin immersed in 
water at 80 - 90 °C. Under same conditions, polyoses exhibit a glass transition at room 
temperature (figure 6). Thus, additional heating leads to a further softening of the wood cell 
wall. 
Immediately after temperature and water removal, cell walls return into the initial state. 
Hydrogen bonds are recovered between and among lignin and polysaccharides and cell wall 
components recover their glassy constitution. In case of accomplished bending or moulding, 
products are fixed in shape by new hydrogen bonds and due to hardening of lignin (Nicholas  
1973; Schuerch 1963). 
Apart from water, several further chemicals (“plasticizers”) are known to have a plasticizing 
effect on wood due to similar mechanisms. Table 1 indicates a number of known plasticizers. 
In particular, liquid ammonia treatment causes even stronger cell wall swelling than water due 
to additional penetration of crystalline cellulose and a corresponding cleavage of 
intermolecular hydrogen bonds (Schuerch 1963; Schuerch et al. 1966). However, liquid 
ammonia is suspected to essentially affect and change the structure of wood structure and 
components permanently (Parham 1971a; Parham 1971b; Schuerch 1963). Besides, ammonia 
as well as all other temporary plasticizers is removed after moulding. During removal resp. 
drying of the plasticizing agent, the shrinking cell walls induce tensile stress on the shaped 
product. In case of a treated veneer, these stresses can possibly result in unfavorable cracks. 
Furthermore, these veneers exhibit a pronounced spring back after being removed from the 
molds due to internal stresses caused by the deformation (Ormarsson and Sandberg 2007). 
After accomplished moulding, products still seek to recover their initial shape due to a distinct 
shape memory effect. This set-recovery effect is notably accelerated at elevated humidity and 
temperature and can possibly cause the rejection of a product. A considerably reduced shape 
memory is found for wood bending after liquid ammonia treatment (Schuerch 1966). Also an 
additional heating step (appr. 140 - 180 °C) after moulding under elevated moisture can 
attenuate the spring-back and set-recovery effect (Kutnar and Kamke 2012). This process is 
well-known from the stabilization of compressed wood referred to as “Staypak” (Millett et al. 
1948; Seborg et al. 1956). Similar results were found for combined processes of wood or 
veneer compression and thermal modification (Fang et al. 2012; Welzbacher et al. 2008) as 
well as for hydrothermally post-treated surface densified wood specimens (Laine et al. 2013). 
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1.2.3 Furfuryl Alcohol Application and Chemistry 
1.2.3.1 Furfuryl Alcohol 
Furfuryl alcohol (IUPAC name: furan-2-ylmethanol, CAS Registry No.: 98-00-0) is an 




Figure 8: Furfuryl alcohol 
It is characterized as colourless oily and hardly flammable liquid (flash point: 74 °C) having a 
low vapor pressure (1 mbar at 25 °C) and being miscible with water in any concentration. 
Furfuryl alcohol is known to react generally with acids and oxidants. Explosive 
polymerization may occur in presence of acids (http://gestis.itrust.de). Moreover, furfuryl 
alcohol is harmful to human and suspected to be carcinogenic (Ashby 1996; Zhang et al. 
1996).  
Furfuryl alcohol is naturally occurring when wood is degraded by fire. Furthermore, it has 
been identified in rotting mussels (www.pubchem.ncbi.nlm.nih.gov). Besides its rather limited 
natural occurrence, furfuryl alcohol can be industrially produced from organic material. In the 
late 1920s, Ricard and Guinot (1929) granted the patent for a process on furfuryl alcohol and 
methylfurane production by catalytic hydrogenation of furfural. Stichnoth and Schmidt (1952) 
used catalysts made from copper to increase the yield of furfuryl alcohol produced from 
furfural. Later, Stichnoth (1953) supplemented this invention by the further catalysts made 
from copper and alkaline earth oxides in order to obtain high furfuryl alcohol quantities. At 
the time, Swadesh (1956) introduced a catalytic system made from metallic copper and 
anhydrous sodium silicate. All inventions listed above aim on furfuryl alcohol production 
using furfural made from pentoses basic raw material. In contrast, Lillwitz (1978) outlined an 
alternative process producing furfuryl alcohol from hydroxymethylfurfural, a hexose. Both 
pentoses and hexoses can be derived from plants and plant residues. According to the 
company’s own information, International Furan Chemicals B.V., The Netherlands, owns the 
worldwide largest furfuryl alcohol production plant using furfural mainly derived from 
pentosans of sugarcane bagasse (www.furan.com). 
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1.2.3.2 Fields of Furfuryl Alcohol Application 
Nowadays, numerous fields of application are known for furfuryl alcohol and in particular for 
its polymerized resin. Furfuryl alcohol polymerization requires a suitable catalyst to realize an 
adequate degree of conversion. Since furan chemistry serves large and diverse fields of 
application, considerable research has been done on furfuryl alcohol polymerization during 
the last decades. Numerous catalysts and initiators have been determined and named for 
facilitating furfuryl alcohol polymerization (e.g. Barr and Wallon 1971; Bourguignon and 
Lemaistre 1969; Brown and Wells 1954; Fawcett and Dadamba 1982; Hersh 1947; González 
et al. 1992a; Nordlander 1946; Schmitt 1971; Zavaglia et al. 2012). Promoted by elevated 
temperatures and in presence of an adequate catalyst or initiator, furfuryl alcohol polymerizes 
yielding in a dark-coloured polymer, which is considered to be insoluble in commonly used 
solvents (Dinelli and Marini-Bettolo 1941), inert and resistant towards acids and alkaline 
solutions (Cheremisinoff 2003; Schmitt 1974). Thus, furfuryl alcohol is an established binder 
in foundry industry (e.g. Freeman and Steiner 1962; Gardikes and Kim 1983; Gardziella et al. 
1985; Hainsworth et al. 1980). Besides, furfuryl alcohol serves as intermediate for chemical 
and pharmaceutical industry (www.furan.com), is used as solvent (Cheremisinoff 2003) as well 
as compound in adhesives (Schneider and Phillips 2004) and for nanomaterial production 
(e.g. Gao et al. 2009; Wang and Yao 2006). 
1.2.3.3 Furfuryl Alcohol Modification of Wood 
In the 1950s, furfuryl alcohol has been identified to enhance wood properties when 
impregnated into and polymerized inside the wood cell walls (Goldstein 1959; Goldstein and 
Dreher 1960). Goldstein and Dreher (1960) tested the storage stability and yield of polymer 
for various impregnation liquids containing different catalysts. Among others, zinc chloride 
was determined to be a suitable catalyst in particular due to its specific indefinite storage life. 
Inspired by these findings, the company Koppers Wood Inc., U.S.A., was found in the 1960s 
producing e.g. laboratory bench tops, pulp mixer rotorblades and knife handles until the 1970s 
(Hill 2006). Yet, when wood is impregnated with furfuryl alcohol containing zinc chloride to 
catalyze the polymerization cellulose is partly depolymerized reducing the strength of the 
modified wood (Cao et al .1995; di Blasi et al. 2008). Furthermore, zinc chloride initiated 
furfuryl alcohol polymerization was found to give inhomogeneous treatment levels 
throughout the modified wood (Schneider 2012). Hence, further research has been done in the 
1980s leading to the development of a commercial process (“WISTIwood”) impregnated in 
two consequent steps still using zinc chloride as initiator (Hill 2006; Schneider and Witt 2004; 
Schneider 2012). However, a major step forward in wood enhancement on basis of furfuryl 
alcohol modification was realized when new initiators, namely maleic and phtalic anhydride, 
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maleic, malic, and phtalic acid, as well as combinations thereof, were introduced for wood 
furfuryl alcohol modification (Schneider 2006; Schneider 2012; Westin 2004). Though these 
initiators were already used before for furfuryl alcohol polymerization (Hersh 1947), their 
application in wood allowed an even polymerization throughout the treated wood giving a 
homogeneous colour and density as well as changed wood properties (Schneider 2012). Due 
to these findings, Kebony (formally Wood Polymer Technologies) was established in 1997, 
opening the first commercial plant in 2003. In 2009, a full scale production plant with an 
annual production of 25.000 m³ (Sander 2010) was opened producing mainly furfurylated 
wood from Scots pine (Pinus sylvestris L.), Radiata pine (Pinus radiata D. Don), and 
Southern yellow pine for cladding, decking, and yacht decking (www.kebony.com). The 




Figure 9: Schematic illustration of the Kebony process (Lande et al. 2004b) 
Furfuryl alcohol modification affects almost all wood properties. Furfurylated wood shows a 
decreased equilibrium moisture content (Epmeier et al. 2004; Esteves et al. 2010; Puttmann et 
al. 2009), improved dimensional stability (Epmeier et al. 2004; Esteves et al. 2009; Esteves et 
al. 2010; Lande et al. 2004b), and an increased Brinell hardness (Epmeier et al. 2004; Esteves 
et al. 2010; Lande et al. 2004b; Lande et al. 2005).Yet, furfuryl alcohol modification results 
in an reduced impact bending strength (Epmeier et al. 2004; Lande et al. 2004b; Lande et al. 
2005). In contrast, no significant impact of furfuryl alcohol modification on the modulus of 
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elasticity was reported by Esteves et al. (2010) for furfurylated samples with a weight 
percentage gain (WPG) of 32 and 47%. A higher fungal resistance has been reported for 
furfurylated wood (De Vetter et al. 2008; Lande et al. 2008; Venås and Felby 2009) as well as 
an increased resistance against termites and marine borers (Lande et al. 2004b; Lande et al. 
2004c). However, the growth of fungi was not inhibited when leachates according to EN 
84:1997 or neat furfuryl alcohol were added to the malt and agar media (Lande et al. 2004a). 
Ecotoxic tests (OECD Test no. 201, 1984; OECD Test no. 202, 1984; OECD Test no. 203, 
1992). Leachates prepared according to EN 84:1997 and CEN/TR 15119:2005 gave evidence 
on the toxic character of leachates from polymerized furfuryl alcohol on green algae and on 
freshwater fleas Daphnia magna but not towards Zebra Fishes (Lande et al. 2004a; Lande et 
al. 2004c; De Vetter et al. 2008). Out of three wood species (Southern yellow pine, beech, 
ash), only leachates from furfurylated ash were toxic against the bacterium Vibrio fischeri 
(Puttmann et al. 2009). Furthermore, the ecotoxic effect of furfuryl alcohol leachates varies 
with the wood species impregnated and the leaching method applied. However, samples 
modified with furfuryl alcohol monomers exhibit a constantly high toxicity towards D. 
magnia over the studied period of 14 days. These findings are in good accordance with results 
from VOC measurements (Lande et al. 2004a). In contrast, leachates according to 
EN 84:1997 of samples impregnated with oligomeric furfuryl alcohol solutions were 
classified as not toxic (De Vetter et al. 2008). 
As these examples show, furfuryl alcohol modification has a significant impact on various 
physical, biological, and mechanical wood properties. The degree of change correlates 
significantly with the treatment intensity indicated by the WPG due to modification. Low 
WPGs are regarded to give rather inefficient changes, whereas higher WPG result noticeable 
enhancements (Lande et al. 2004b).The impregnation and consequently the treatment 
intensities vary naturally with the wood species used and the origin of samples in a tree trunk 
(Larnøy et al. 2008). Wood species with low specific raw densities evince a greater solution 
uptake with a maximum retention of 200% referred to absolute dry weight. For wood species 
with higher specific raw densities, Schneider (2006) found a chemical retention of appr. 
100%.  
Moreover, the pH of the furfuryl alcohol solution determines the initial step of polymerization 
and the resulting yield of polymer (Wewerka 1968). Different catalyst types and 
concentrations have proved to give different WPGs (Goldstein and Dreher 1960). Besides, 
WPG can also be adjusted by water dilution (in combination with an additional stabilizing 
agent) or the use of ethanol or/and methanol (e.g. Epmeier et al. 2004; Lande et al. 2004b; 
Schneider 2012; Westin 2004). In order to determine the WPG of modified wood, Lande et al. 
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(2010) carried out near-infrared spectroscopy (NIR) and thermal gravimetric analyses (TGA) 
on differently modified furfurylated wood. 
1.2.3.4 Further Fields of Furfuryl Alcohol Application in Wood and Wood Based 
Industries 
Besides furfurylation of solid wood with special respect on durability and dimension stability 
enhancement, various furfuryl alcohol applications are known from further fields of wood and 
wood based industry. Extensive research has been done on furfuryl alcohol impregnation of 
cultivated, abundant wood species in combination with densification (Buchelt et al. 2014; 
Hermescec et al. 2002; Pfriem et al. 2010; Pfriem and Buchelt 2011a; Pfriem et al. 2012). So-
modified wood is characterized by a high density comparable to that of some tropical 
hardwood species, high dimensional stability and an ecologically sustainable production. 
Thus, furfuryl alcohol modified and densified wood aims to replace especially endangered, 
high-density tropical wood species, especially ebony, which are commonly used for wood 
music instruments. First products, violin fretboards, from furfuryl alcohol modified and 
densified wood have been successfully manufactured by Dietrich et al. (2014).  
Furthermore, furfuryl alcohol has also been proposed as component for binder systems in 
wood based panel industry (Abdullah and Pizzi 2013; Bagaev et al. 1997; Ecobinders 2008; 
Haataja 2004; Hermescec et al. 2002; Philippou 1981; Schultz 1990). Nevertheless, wood 
panels based on furfuryl alcohol binder systems have never been commercialized (Dunky and 
Niemz 2002).  
Chen and Chen (2007) were granted a patent for an adhesive composed of tannin, furfuryl 
alcohol, and a catalyst suitable for several wood gluing applications. 
Recently, further lignocellulosic materials, e.g. kenaf fibres and bamboo, have been suggested 
for composite production and impregnation using pre-polymerized furfuryl alcohol as matrix 
component resp. impregnation liquid (Brynildsen and Lande 2014; Deka et al. 2013).  
1.2.3.5 Furfuryl Alcohol Polymerization 
For decades, furan chemistry services various economic branches and extensive research has 
been done. Among, investigations were carried out to understand the polymerization of 
furfuryl alcohol. However, furfuryl alcohol polymerization is too complex to be fully 
understood by these days. Subsequently, a brief outline is given on findings regarding furfuryl 
alcohol polymerization.  
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Furfuryl alcohol is known to be a very reactive compound forming a dark-coloured, infusible 
and solid resin (figure 10) in presence of an acidic compound or a suitable initiator activated 
at elevated temperatures (e.g. Dunlop and Peters 1953).  
 
Figure 10: Furfuryl alcohol polymer. Photo: Tom Franke 
Hereby, all possible reactions are based on several possible conformations of furfuryl alcohol 
exhibiting different dihedral angles and resulting geometries. Computational studies on 
possible low-energy stable conformations of furfuryl alcohol using MP2/6-31G*1  suggest 
plausible conformations. Yet, additional microwave spectroscopy performed by the same 
authors proved the existence of only two conformations negating the existence of large 
amounts of further rotamers (Marstokk and Møllendal 1994). These findings are in 
accordance with calculations based on the B3LYP 2 method carried out by Barsberg and Berg 
(2006).  
Kim et al. (2011) focused on the furfuryl alcohol polymerization mechanisms and 
intermediates involved in the reactions using. Calculations of the free energy for protonation 
reactions on the different protonation sites of furfuryl alcohol (using B3LYP) revealed that 
thermodynamically favorable protonation sites change with the temperature. Thus, an 
increasing temperature advances the protonation of the alcoholic hydroxyl group resulting in 
the formation of a carbocation which is assumed to start the polymerization. The same authors 
found two probable initial reactions of this carbocation with furfuryl alcohol respectively of 
two neutral furfuryl alcohol monomers (Kim et al. 2011). To a limited extent, reactions will 
occur “head-to-head” forming difurfuryl ether (figure 11, reaction I).  
 
                                                             
1   MP2/6-31G* is an ab-initio modelling method in chemistry for energy calculations based on natural constants 
(MP2) using the basis set 6-31G* 
2   B3LYP (Becke, 3-dimensional, Lee, Yang, and Parr) is a standard hybrid functional based on density 
functional theory (DFT) and is widely used in organic model chemistry for calculations of reactions, bond 
energies, and geometries. 
1 INTRODUCTION  20 
 
    
 
 
Figure 11: Dimer formation of furfuryl alcohol during the early state of acid catalyzed 
homopolymerization  
On a greater scale, the formed carbocation and a neutral furfuryl alcohol will form the 
methylenbridged furfuryl alcohol dimer 2-hydroxymethyl-5(5-furfuryl)furan (“head-to-tail”, 
figure 11, reaction II). Decades before, difurfuryl methane and difurfuryl ether (figure 10) 
have already been separated and determined by Dinelli and Roberti (1936) and by Dinelli and 
Marini-Bettolo (1941). Furthermore, Chuang et al. (1984) performed 13C-NMR measurements 
on samples proving the greater amount of methylenbridged dimers in comparison to difurfuryl 
ether. These results are also supported by findings from González et al. (1992b) who 
determined higher activation energies required to form difurfuryl ether. Besides, the ratio 
between difurfuryl ether and 2-hydroxymethyl-5(5-furfuryl)furan is also strongly affected by 
the concentration of catalyst (Principe et al. 2000). During polymerization, water, levulinic 
acid, and formaldehyde are by-products of the ongoing reactions (Barr and Wallon 1971). 
Hereby, Dinelli and Roberti (1936) suggested formaldehyde to be formed due to the reaction 
III (figure 12), whereas Lande et al. (2004a) postulated formaldehyde to be by-product of 
labile difurfuryl ether decomposing into difurfuryl methane (figure 12, reaction IV). 
 
 
Figure 12: Formation of difurfuryl methane according to Dinelli and Roberti (1936) (III) and Lande 
et al. (2004a) (IV) 
Further longer-chained linear compounds developing from the two dimer species by 
condensation reaction according to reaction V (figure 13) were found and determined by Barr 
and Wallon (1971), Dinelli and Marini-Bettolo (1941), Dunlop and Peters (1953), and 
Fawcett and Dadamba (1982). 
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Figure 13: Condensation of furfuryl alcohol  
Yet, these linear condensation reactions and the found linear compounds cannot explain the 
colour change or further altered physical properties (e.g. hardness, infusibility) of furfuryl 
alcohol resins (Dinelli and Marini-Bettolo 1941). Different approaches were employed in 
order to understand the mechanisms beyond polymerization in particular on colour formation 
and possible cross-linking, which is assume to take place to gain a hard, resistant, and 
infusible resin. Maciel et al. (1982) and Chuang et al. (1984) proposed the branching of 
poly(furfuryl alcohol) according to reactions VI and VII (figure 14). This assumption is 
supported by the work of González et al. (1992a) using 1H and 13C NMR spectroscopy to 
investigate possible branching of furfuryl alcohol polymerized with trifluoroacetic acid. 
Results of this study neglect an influence of catalyst concentration and temperature on the 
branching. Further work employing iodine in methylene chloride suggests the same type of 
branching (González et al. 2002).  
 
 
Figure 14: Suggested branching (reaction VI) and cross-linking (reaction VII) reactions according to 
Maciel et al. (1982) and Chuang et al. (1984)  
In contrast, Choura et al. (1996 and 1997) present a different theory on branching of the 
furfuryl alcohol polymer as a result of a detailed study working with model substances. These 
authors suggest that cross linking reactions are conditioned by chromophore formation and 
due to Diels-Alder reactions (figure 15). This hypothesis is substantiated by computational 
studies from Montero et al. (2006) and by further experimental work carried out by Guigo et 
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al. (2007). However, IR and NMR studies on chromophore identification suggest that 




Figure 15: Branching due to chromophore formation and Diels-Alder reaction according to Guigo et 
al. (2007) 
Above described reaction mechanisms are independent of the initiator type used. Yet, 
Wewerka (1968) found varying polymer structures when furfuryl alcohol polymerization was 
conducted with different catalysts. Results from this study indicated a pH related initial rate of 
polymerization. Dispite, the author found no evidence for differences in polymer structure due 
to catalyst concentration in case of maleic anhydride. In contrast to these findings, results 
from confocal laser scanning microscopy (CLSM) and fluorescence spectroscopy indicated an 
increasing length of poly(furfuryl alcohol) molecules if wood samples were impregnated with 
furfuryl alcohol containing higher concentrations of catalyst (Thygesen et al. 2010). Similar 
conclusions were drawn by González et al. (1992a) reporting about structural differences 
between furfuryl alcohol polymers cured at different temperatures and varying trifluoroacetic 
acid concentrations to effect the polymerization. Consistent conclusions were drawn from 
Kelley et al. (1982) performing differential scanning calorimetry measurements. Guigo et al. 
(2007) carried out chemorheological analyses to study the effect of different curing 
temperatures on furfuryl alcohol polymerization using maleic anhydride for starting the 
polymerization.  
However, little has been reported on the effect of different initiator concentrations and 
possibly resulting varying polymer structures on the material characteristics. 
1.2.3.6 Furfuryl Alcohol Polymerization in Wood 
In order to produce furfurylated wood, wood is impregnated with furfuryl alcohol or furfuryl 
alcohol prepolymers, e.g. BioRez™ and Furolite™ by TransFurans Chemicals bvba 
(www.transfurans.be). Beside furfuryl alcohol or furfuryl alcohol prepolymers, these 
impregnation liquidss contain at least one more component to initialize the polymerization 
(1.2.3.3). Furthermore, diluents may be used for less intense treatments as they will lower 
the percentage of polymer retaining inside the wood after curing (Westin 2004). Water-diluted 
furfuryl alcohol systems require further stabilizing agents to ensure a uniform solution, e.g. 
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borax and lignosulfonic acids (Schneider 2006). For impregnation, common methods are 
applied such as vacuum, pressure, alternating vacuum and pressure, atmospheric pressure 
followed by vacuum to remove excessive impregnation liquid, or oscillating pressure 
(Schneider 2006; Westin 2004). Although furfuryl alcohol is a small molecule, the specific 
anatomical structure determines the impregnability and the associated accessibility of the 
different wood species (e.g. DIN EN 350-2:1994-10). Consequently, most uniform 
impregnation can be achieved for those wood species known for showing a good 
impregnability. Additionally, a soaking time after impregnation enables furfuryl alcohol to 
diffuse into the cell wall leading to a more intense and uniform cell wall swelling and more 
polymer retaining inside the cell wall after polymerization (Buchelt et al. 2012; Hermescec 
et al. 2002; Schneider 1995).  
As described in chapter 1.2.3.3, early researchers used different initiators for furfuryl alcohol 
polymerization. Most of these initiators had either an unfavorable and mainly degrading effect 
on the wood components or impregnation liquids were not stable. With Schneider (2006) and 
Westin (2004) suggesting the usage of cyclic carboxylic acid anhydrides and especially 
maleic anhydride as initiator, furfuryl alcohol modification of wood became competitive. 
Maleic anhydride is activated at elevated temperatures. Thus, solutions prepared of furfuryl 
alcohol and maleic anhydride are homogenous and storable at low temperature over a period 
of time (Akerberg 1984). At elevated temperature, e.g. between 70 and 140 °C (Schneider 
2006), maleic anhydride is activated and initiates the polymerization by reaction with furfuryl 
alcohol building a carbocation (1.2.3.5). Though maleic anhydride itself must be considered 
to be possibly reactive towards wood components (Dawson et al. 1999; Rowell 2012), this 
reaction is expected to occur to a neglectable extent under present conditions. For the most 
part, furfuryl alcohol polymerization mechanisms inside wood cell walls are similar to 
laboratory studies on furfuryl alcohol polymerization solely with the polymer formed inside 
the cell walls giving the modified wood a dark brown colour (figure 16).  
 
 
Figure 16: Unmodified (left) and furfuryl alcohol treated (right)  maple veneer (Acer spec.) 
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Besides possible side reactions of impregnation liquid constituents with wood components, 
one has to consider starting degradation of the main wood components at temperatures above 
100 °C. Placet et al. (2008) reported about notably changed mechanical properties of wood 
due to heating to 135 °C. Thus, lower curing temperatures favor minimum thermal 
degradation during furfuryl alcohol polymerization. Nevertheless, starting wood degradation 
may not be an important issue for the present approach of veneer modification due to modest 
mechanical requirements on veneer applied for decorative purposes. 
Extractives of various tree species and moreover the specific porosity of the modified wood 
are assumed to have an effect on furfuryl alcohol polymerization. Findings from CLSM and 
fluorescence spectroscopy by Thygesen et al. (2010) indicate a structural difference between 
poly(furfuryl alcohol) in the lumen compared to polymer formed inside the cell wall. Similar 
findings were gained from CLSM on own furfurylated maple veneer specimens performed by 
Lloyd A. Donaldson at Scion, New Zealand (figure 17). 
 
 
Figure 17: CLSM. Left: autofluorescence of poly(furfuryl alcohol). Right: fluorescence spectra of 
polymer inside the cell wall and in the lumen at 488 nm excitation. CSLM image and fluorescence 
spectra: Lloyd A. Donaldson 
Thygesen et al. (2010) explained results with a shorter conjugation length of poly(furfuryl 
alcohol) inside the cell walls assumingly due to spatial limitations. Furthermore, furfuryl 
alcohol monomers were found mainly in the lignin-rich middle lamella and cell corners of 
impregnated wood samples. Yet, no evidence was found for covalent bonds between furfuryl 
alcohol and cell wall components. The existence of such covalent bonds is still controversially 
discussed. Lande et al. (2004a) deduced a grafting of poly(furfuryl alcohol) towards polyoses 
and moreover lignin from high ASE obtained for furfurylated wood (figure 18, reaction VIII). 
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Figure 18: Grafting of furfuryl alcohol towards lignin  suggested by Lande et al. (2004a) 
This hypothesis is substantiated by NMR studies on model substances by Nordstierna et al. 
(2008) proving covalent bonds between poly(furfuryl alcohol) and a creosol based model 
compound. No grafting was found between furfuryl alcohol and cellulose fibres in presence of 
H2O2/Fe2+ at 90 °C (Nguyen and Zavarin 1986). In contrast, furfuryl alcohol prepolymers 
grafted towards cellulose under same conditions. Venås et al. (2006) found no evidence for 
any chemical reactions between furfuryl alcohol and wood components using ATR-FTIR-
spectroscopy. 
Wood properties change significantly with furfuryl alcohol modification. The extent of 
change has been proved to be strongly related to the specific treatment intensity represented in 
the WPG (1.2.3.3). Moreover, results from studies on furfuryl alcohol polymerization 
suggest a dependency of the structural characteristics of poly(furfuryl alcohol) on curing 
conditions, e.g. catalyst type, catalyst concentration, and curing temperature (1.2.3.5). 
Despite, little has been found in literature on the effect of such structural differences and 
modification conditions on modified wood and the resulting material characteristics. 
1.3 Objectives of Research 
Knowing about the mechanical restrictions of wood veneer on one hand side and the 
limitations of to date developed techniques on the other side, encouraged the approach for a 
new method of veneer moulding enhancement (Pfriem and Buchelt 2011b). The suggested 
process comprises an impregnation of veneers with a chemical composition realizing a 
- plasticization of veneer for improved veneer moulding 
- form fixation after moulding  
- reduced shrinkage of the moulded veneer components. 
The impregnation liquid utilized consists basically of furfuryl alcohol. Additionally, maleic 
anhydride is dissolved in furfuryl alcohol to initiate furfuryl alcohol polymerization at 
elevated temperatures. For Paper I additional furfuryl alcohol dilutions were used containing 
various proportions of ethanol to realize different WPGs.  
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The intention of the work summarized in the present dissertation was the verification of the 
described concept for veneer modification. As described above, this process comprises several 
aspects which were studied separately as displayed in figure 19.  
Furfuryl alcohol has already been proved to plasticize wood cell walls (Buchelt et al. 2012; 
Hermescec et al. 2002) and therefore it can be assumed that furfuryl alcohol impregnation 
will affect favorably the moulding behavior of veneer. Microscopic studies (Paper IV) were 
conducted to quantify the swelling and coherent plasticization due to furfuryl alcohol 
impregnation in comparison to water soaked specimens. Effects of plasticization on the 
mechanical properties are described in Paper II on base of results from cupping test indicating 
the behavior of impregnated specimens during moulding. 
A study using differential scanning calorimetry (DSC) was accomplished to obtain more 
information on the curing mechanisms and kinetics of furfuryl alcohol polymerization. DSC 
measurements were carried out on veneers treated with various diluted and undiluted furfuryl 
alcohol. Results distinctly indicate the effects of dilution and initiator concentration on the 
curing temperature and duration. Furthermore, results correlated well with findings regarding 
the WPG of veneer samples after curing (Paper I). 
Complementary to studies on veneer plasticization and furfuryl alcohol polymerization, 
preliminary Dynamic mechanical thermal analyses (DMTA) were performed obtaining further 
information on mechanical properties of impregnated veneers during the curing step 
(Paper V). 
Applying the information gained from DSC, furfuryl alcohol can be polymerized inside the 
cell walls leading to the formation of poly(furfuryl alcohol). Compared to veneer components 
plasticized with water, water steam, or other plasticizing chemicals being removed after or 
during moulding, furfuryl alcohol modified and moulded veneers are supposed to exhibit a 
reduced shrinkage due to loss of water from condensation reactions and temperature induced 
furfuryl alcohol evaporation and consequently to be less affected by cracks formed due to 
shrinkage. Again, the impregnation liquid affects notably the polymerization of furfuryl 
alcohol inside the cell walls. Therefore, microscopic studies were carried out quantifying the 
permanent swelling of cell walls due to furfuryl alcohol modification using various 
concentrations of maleic anhydride (Paper IV).  
Finally, another aspect of veneer moulding processes is the form stability of the produced 
components since wood is generally characterized by a pronounced memory effect and the 
distinct effort to return to its initial shape. Poly(furfuryl alcohol) has been described as rigid 
three-dimensional polymer. Thus, poly(furfuryl alcohol) polymerized inside the cell walls 
should stabilize the new shape of the moulded veneer. Evidence for this suggestion is given in 
Paper III for various samples. 
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Figure 19: Aspects of maple veneer modification by furfuryl alcohol treatment 
The detailed results are described in the indicated Papers I – V compiled in Part II of this 
work. Yet, the most relevant findings are specified in Chapter 3. Chapter 4 summarizes all 
results trying to give a complete picture of the work carried out in order to understand the 
mechanisms of veneer modification using furfuryl alcohol. Furthermore, an outline will be 
given on future work. 
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2 MATERIALS AND EQUIPMENT 
2.1 Materials 
All analyses were conducted on samples taken from European maple (Acer spec.). The veneer 
samples used for Paper I, II, and V were provided by Furnierwerk Prignitz GmbH & Co. KG. 
The maple log utilized for producing these veneers was stored in water (appr. 40 °C) before 
processing. Samples prepared for Paper III were taken from one charge of maple rift veneers 
(Acer spec.) purchased from Lehmann e.K., Berlin, Germany. The thickness of all unmodified 
veneers was 0.53 to 0.57 mm. Finally, microtome sections required for the experimental work 
for Paper IV were cut from a piece of maple log (Acer spec.) soaked in water before slicing. 
Table 2 comprises summarized information on the sample preparation for each experiment 
described in the appended papers. More details about the specific sample preparation are 
given in the relevant sections of the corresponding Papers I-V.  
Table 2: Sample preparation 
 
Furfuryl alcohol (> 98 vol%) was provided by International Furan Chemical B.V., Rotterdam, 
the Netherlands. Maleic anhydride (P.A.) and ethanol (96 vol%) were obtained from Merck 
KGaA, Darmstadt, Germany. 
 
2.2 Laboratory Equipment 
All equipment used for experiments described in the appended papers is assembled in table 3. 
Detailed information on specific parameter and settings are given in the relevant sections of 
each paper. 
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3 KEY RESULTS AND DISCUSSION 
3.1 Furfuryl Alcohol Induced Plasticization and Wood Veneer 
Mouldability 
3.1.1 Wood Cell Wall Plasticization Assessment by Microscopy (Paper IV) 
The chemical treatment of wood using furfuryl alcohol affects a plasticization and softening 
of the wood and a corresponding cell wall swelling. Thus, cell wall swelling can be used to 
assess the degree of plasticization. Thus, Buchelt et al. (2012) evaluated the penetration 
behavior of furfuryl alcohol into wood cell walls and substantiated findings from Hermescec 
et al. (2002) suggesting a slow diffusion into wood cell walls. A complementary experiment 
was carried out to estimate the degree of furfuryl alcohol induced wood cell wall swelling 
compared to the usage of water. According to the experimental set-up used by Buchelt et al. 
(2012), 30 cells of maple microtome sections were assessed at four different conditions: dry, 
water-impregnated, furfuryl alcohol impregnated, and after curing. Half of the samples were 
measured immediately after impregnations, whereas the remaining samples were stored at 
room climate for 48 h to allow a further diffusion of furfuryl alcohol into the cell walls before 
being inspected. Figure 20 depicts exemplarily results for measurements of microtome 
sections impregnated with neat furfuryl alcohol. Cell walls assessed immediately after 
furfuryl alcohol impregnation exhibit smaller swelling compared to identical cell walls 
impregnated with water. In contrast, those samples stored for 48 h after impregnation actually 
allowed more furfuryl alcohol to permeate into the cell walls shown by a notably increased 
cell wall swelling similar to the use of water (figure 20). Thus, results are in good agreement 
with findings illustrated by Buchelt et al. (2012). 
 
 
Figure 20: Plasticization of cell walls impregnated with water and furfuryl alcohol  evaluated by 
microscopic studies. Left: immediately after impregnation. Right: after 48 h additional soaking 
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3.1.2 Wood Veneer Plasticization Assessment by DMTA (Paper V) 
A plasticization of materials becomes visible in changed viscoelastic properties of the treated 
material. DMTA is a non-destructive technique to evaluate changing viscoelastic properties 
over time, temperatures, frequencies, or strains using various experimental set-ups and 
devices. For the present study, a Rheometrics DMTA V was equipped with a single cantilever 
device and dynamic material properties were tested performing a temperature sweep from 25 
to 200 °C at a frequency of 1 Hz and a strain rate of 0.05%. Thus, the experiment provided 
information on the plasticizing effect of furfuryl alcohol on wood veneer as well as 
information about changes in stiffness due to furfuryl alcohol polymerization. Findings 
regarding the viscoelastic behavior of wood veneer due to furfuryl alcohol polymerization are 
presented in chapter 3.2.2.  
Figure 21 displays the effect of temperature and furfuryl alcohol impregnation on the 
viscoelastic properties of maple veneer. The relative stiffness of the unmodified and furfuryl 
alcohol impregnated veneer samples is described by the normalized storage modulus E’, 
whereas the loss factor (tan ) illustrates the ratio of loss and storage modulus. Consequently, 
high values for tan are obtained for non-elastic materials, lower values are characteristic for 
materials with distinct elastic deformation behaviour. 
A comparison of the viscoelastic behaviour of unmodified and impregnated maple veneer at 
25 °C suggest a furfuryl alcohol induced veneer softening with a loss factor of the furfuryl 
alcohol impregnated veneer twice as high that of the reference specimen. However, with 
increasing temperatures the storage modulus of the unmodified maple veneer sample 
decreases steadily probably due to a softening of the wood components. In contrast, the 
furfuryl alcohol impregnated wood veneer exhibits a greater softening indicated by a 
comparatively high loss factor (maximum tan  at ca. 80 °C) and a broad peak 
suggesting an optimum mouldability of furfuryl alcohol impregnated veneers at appr. 80 °C. 
These results are in good agreement with findings from Atack (1981), Kelley et al. (1987), 
and Salmén (1984) investigating the moisture induced reduction of glass transitions 
temperatures of wood components. Above ca. 100 °C the loss factor of the furfuryl alcohol 
impregnated veneer indicates an increasing stiffness suggesting furfuryl alcohol 
polymerization to be initiated. 
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Figure 21: Effect of furfuryl alcohol modification on the  plasticization of maple veneer indicated by 
the viscoelastic properties  
3.1.3 Mouldability of Furfuryl Alcohol Impregnated Wood Veneer (Paper II) 
The mouldability of wood veneer can be efficiently improved by wood plasticization. Earlier 
experiments from Wagenführ et al. (2005) carried out to characterize the moulding behaviour 
of unmodified sycamore maple (Acer pseudoplatanus L.), beech (Fagus sylvatica L.) and 
American walnut (Juglans nigra L.) veneer during three-dimensional moulding adopted a 
method of sheet metal testing according to Erichsen cupping test (DIN 50101-2:1979-09 
withdrawn; replaced by DIN EN ISO 20482:2013). The same method has been employed for 
the present study. Experiments were accomplished at room temperature using a universal 
testing machine (Zwick/Roell BZ 2.5) equipped with a hemispheric punch and a complying 
template. During testing, the punch causes a deformation of the veneer and the realized 
shaping path at the moment of maximum load is indicative for the mouldability of the circular 
shaped wood veneer specimens.  
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Results obtained from cupping test on unmodified, water-, and furfuryl alcohol impregnated 
maple veneer samples coincide with finding from microscopic and DMTA assessments 
suggesting a plasticizing effect of furfuryl alcohol impregnation on maple veneer. Unmodified 
maple veneer samples are characterized by relatively little realizable deformation (ca. 
1.64 mm) before failure due to fracturing in grain orientation (figure 22).  
 
Figure 22: Crack formation during cupping test  
However, both water- and furfuryl alcohol impregnation allow a greater moulding of the 
treated specimens with implemented deformations of similar degrees (2.76 (0.21) mm resp. 
2.99 (0.25) mm) (figure 23). 
 
Figure 23: Mouldability of unmodified, water -, and furfuryl alcohol impregnated maple veneer 
samples determined by cupping test  
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3.2 Mechanisms of Furfuryl Alcohol Curing and Polymer Formation 
inside Wood (Paper I, IV, and V) 
3.2.1 Mechanisms of Furfuryl Alcohol Polymerization (Paper I) 
Maleic anhydride is commonly used to start furfuryl alcohol polymerization inside wood at 
elevated temperatures.  Yet, little has been reported on the effect of maleic anhydride 
concentration on the polymerization reaction kinetics and degree of furfuryl alcohol 
conversion. Similarly, only little information are available on the role of ethanol dilution on 
furfuryl alcohol polymerization. However, information on optimum temperature and duration 
for specific maleic anhydride contents are essential to understand furfuryl alcohol 
polymerization inside wood. Consequently, process parameter can be adjusted and controlled 
to achieve an optimized production.  
DSC measurements were performed on Maple (Acer spec.) veneer samples impregnated with 
differently concentrated furfuryl alcohol/ethanol solutions containing 0, 5, and 10 wt% maleic 
anhydride. Heating rates of 10 °C/min from 20 to 200 °C were accomplished to assess an 
optimum temperature range of curing. Process durations were estimated from isothermal 
measurements at various temperatures. Complementary, yields of furfuryl alcohol polymer 
were recorded for larger dimensioned wood veneer samples cured at 120 °C for 4 h. 
DSC thermograms collected on heating samples modified with undiluted furfuryl alcohol 
indicate a pronounced effect of maleic anhydride content on the curing (figure 24). No maleic 
anhydride in the impregnation liquid causes an endothermic peak at 157 °C consistent with 
findings from WPG calculations (figure 25) suggesting an almost complete evaporation of 
furfuryl alcohol.  
 
Figure 24: DSC thermogram of samples impregnated with neat furfuryl alcohol and furfuryl alcohol 
containing 5 and 10 wt% maleic anhydride; heating ramp: 10  °C/min 
3 KEY RESULTS AND DISCUSSION  35 
 
    
 
However, the usage of high maleic anhydride contents promotes an intense curing depicted in 
a single exothermic peak at 122 °C. In contrast, a reduced amount of maleic anhydride affects 
a less intense reaction visible in two separate exothermic peaks and a shift of the reaction 
towards higher temperatures suggesting a retarded and possibly incomplete curing of furfuryl 
alcohol (figure 24). Furthermore, a lower maleic anhydride content leads to less polymer 
retained inside the wood veneer sample substantiating the hypothesis of increased furfuryl 
alcohol evaporation due to less maleic anhydride available (figure 25). 
 
Figure 25: WPG of samples impregnated with different ethanol dilutions of furfuryl alcohol 
containing various maleic anhydride contents 
Ethanol dilution has a similar effect on the curing reaction of furfuryl alcohol as maleic 
anhydride. Figure 26 depicts DSC thermograms of samples impregnated with various furfuryl 
alcohol dilutions containing 10 wt% maleic anhydride plotted against temperature.  
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Figure 26: DSC thermogram of samples impregnated with different dilutions of furfuryl alcohol 
containing 5 wt% maleic anhydride; heating ramp: 10 °C/min  
High ethanol dilution leads to a less intense exothermic peak at ca. 120 °C and the reaction 
shifts towards higher temperatures with increasing dilution (table 4).  
 
Table 4: DSC temperatures of veneer samples impregnated with various furfuryl alcohol based 
impregnation liquids 
 
In consistence with earlier findings (Westin 2004), higher furfuryl alcohol dilutions provoke 
lower treatment intensities and lower WPGs (figure 25). Yet, the WPGs of the samples 
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impregnated with diluted furfuryl alcohol are unexpectedly small and might be explained by 
dilution of the reactants within the wood cell walls and the changed reaction kinetics visible in 
the temperature shift in figure 26. Additional ATR-FTIR spectroscopy was carried out on 
maleic anhydride diluted in ethanol and stored for 1 h at room temperature. A subtraction 
spectrum of the ethanol/maleic anhydride solution and ethanol differed notably from ATR-
FTIR spectra of neat maleic anhydride by a broad peak at ~1721 cm-1, including signals from 
ester carbonyl group, and new peaks in the range of ~1300 - 1100 cm-1. A comparison with a 
spectrum of diethyl maleate suggests an esterification of maleic anhydride (figure 27) and is 
consistent with findings from Yadav and Thathagar (2002). As a result from esterification, 
less maleic anhydride is available to start the polymerization of furfuryl alcohol and causes 
possibly a shift of curing reactions towards higher temperatures. Consequently, furfuryl 
alcohol polymerization is retarded and more furfuryl alcohol evaporates explaining the low 
WPGs of samples impregnated with ethanol diluted furfuryl alcohol/maleic anhydride 
solutions.  
 
Figure 27: ATR-FTIR spectrum of diethyl maleate and a substraction spectrum obtained from maleic 
anhydride dissolved in ethanol and ethanol  
DSC experiments using isothermal temperature profiles of 80, 100, 120, and 140 °C with an 
initial heating rate of 100 °C/min are exemplarily compiled in figure 28 for veneer 
impregnated with undiluted furfuryl alcohol containing 10 wt% maleic anhydride. 
Thermograms of isothermal curing at 80 and 100 °C exhibit only little distinct exothermic 
peaks and are possibly overlaid by endothermic evaporation of furfuryl alcohol. Curing 
temperatures of 120 and 140 °C exhibit two resp. one exothermic peak whereby the peak is 
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most intensive at 140 °C. However, no major change in heat flow can be measured after appr. 
5 min for any sample.  
 
Figure 28: DSC thermograms of maple veneer samples impregnated with undiluted furfuryl alcohol 
containing 10 wt% maleic anhydride; initial heating ramp of 100 °C/min. 
3.2.2 Changes of Viscoelastic Properties of Wood Veneer during Furfuryl 
Alcohol Modification (Paper V) 
In chapter 3.1.2 on DMTA assessments of furfuryl alcohol impregnated maple veneer, 
figure 21 has been interpreted with focus on the plasticizing effect of furfuryl alcohol 
impregnation and temperature on maple veneer. Yet, the impregnated wood veneer sample 
becomes stiffer above ca. 80 - 90 °C and especially above 110 °C illustrated by a decreasing 
loss factor and an increasing storage modulus (figure 29). In contrast, unmodified maple 
veneer softens continuously due to softening of the wood components. Hence, the increasing 
stiffness of the furfuryl alcohol modified veneer samples probably results from furfuryl 
alcohol polymerization. Onset- and peak temperatures suggested by DSC analysis (3.2.1) 
are in good accordance and substantiate DMTA results.  
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Figure 29: Effect of furfuryl alcohol modification on the viscoelastic properties of maple veneer 
above 80 °C due to furfuryl alcohol polymerization 
3.2.3 Furfuryl Alcohol Polymer Formation on Cell Wall Level (Paper IV) 
In the preceding paragraph about DSC experiments on furfuryl alcohol impregnated maple 
veneer samples, and more detailed in Paper I, results suggest a significant impact of maleic 
anhydride concentration on furfuryl alcohol polymerization and the yield of polymer residing 
inside the wood cell walls and possibly in the cell lumens. Lower maleic anhydride contents 
yielded in smaller polymer gains, whereas higher maleic anhydride contents promoted an 
increased furfuryl alcohol conversion. Thus, compared to hydrothermal wood veneer 
plasticization and moulding, furfuryl alcohol modification is assumed to reduce a subsequent 
shrinkage of the veneer as furfuryl alcohol resides inside the wood cell walls causing a 
permanent swelling. In consequence, less shrinkage-induced fractures are expected to occur 
compared to water plasticized wood veneer. In consideration of previous results, maleic 
anhydride concentration in the furfuryl alcohol based impregnation liquid is expected to affect 
significantly the permanent cell wall swelling. 
Present microscopic experiments are carried out in continuation to the study described in 
chapter 3.1.1 and aim to obtain more information on the mode of polymer formation and the 
associated permanent cell wall swelling. Samples are impregnated with neat furfuryl alcohol 
containing 0, 5, and 10 wt% maleic anhydride in order to estimate the effect of different 
initiator concentrations on polymer formation with special respect on the polymer’s spatial 
expansion.  
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Figure 30 illustrates results from cell wall assessments of various microtome sections 
impregnated with differently composed furfuryl alcohol/maleic anhydride solutions and 
polymerized at elevated temperatures. Measured values verify a notable effect of maleic 
anhydride concentration and soaking on the permanent cell wall swelling by increased area 
swelling coefficients. No significant changes were found for microtome sections impregnated 
with neat furfuryl alcohol with and without additional soaking time. Consequently, furfuryl 
alcohol has almost entirely evaporated due to the elevated temperature. This suggestion is 
substantiated by the unchanged visual appearance of the modified microtome section. In 
contrast, the colour of all microtome sections impregnated with furfuryl alcohol containing 
maleic anhydride expectantly changed into a dark-brown colouration due to polymer 
formation. In correspondence with polymer formation, cell wall areas are significantly 
increased. Yet, the degree of permanent swelling varies with the maleic anhydride content in 
the impregnation liquid. Generally, an additional soaking promotes an increased permanent 
wood cell wall swelling after curing. Furthermore and in accordance with the WPGs 
visualized in chapter 3.2.1, lower maleic anhydride contents (5 wt%) led to a smaller 
permanent cell wall swelling (18.4%, after 48 h soaking), whereas 10 wt% maleic anhydride 
dissolved in furfuryl alcohol realized highest permanent swelling (24.8%, after 48 h soaking). 
Since wood cell wall swelling due to furfuryl alcohol impregnation is approximately the same 
for all treatments, the values of the permanently swollen furfuryl alcohol modified wood cell 
wall areas are indicative for the rate of furfuryl alcohol evaporation and the resulting 
shrinkage. In conclusion, microtome sections impregnated with furfuryl alcohol containing 
10 wt% maleic anhydride and cured 48 h after impregnation exhibited the least shrinkage 
among all evaluated microtome section. However, results are obtained for microtome sections 
characterized by large surface areas, which presumably promote furfuryl alcohol evaporation, 
and small volumes, unable to take up large amounts of furfuryl alcohol. Consequently, 
findings are not necessarily valid for larger scaled veneer samples and are only indicative in 
regards to shrinkage induced fracturing. 
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Figure 30: Permanent cell wall swelling of microtome sections modified with furfuryl al cohol 
containing 0, 5, and 10 wt% maleic anhydride after curing 
3.3 Shape Stability of Furfuryl Alcohol Modified Wood Veneer (Paper III) 
In the previous chapters, various experiments were described focusing either on furfuryl 
alcohol induced wood veneer plasticization or on furfuryl alcohol polymerization. Preliminary 
trials on veneer moulding and simultaneous shape fixation due to furfuryl alcohol 
polymerization at 120 °C combine findings from veneer plasticization and furfuryl alcohol 
polymerization (figure 31).   
 
Figure 31: Furfuryl alcohol modified and moulded maple veneer  
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Under changing climatic conditions, untreated and furfuryl alcohol modified, two 
dimensionally shaped veneer samples exhibit a different degree of set-recovery. Consistent 
conclusions have been drawn by Buchelt et al. (2014) and Pfriem et al. (2011) proving 
reduced set recovery of furfuryl alcohol modified, compressed beech wood compared to 
hydrothermally compressed reference sample assessed by cyclic water storage and cyclic 
alternating climate tests. Similar methods were used to determine the set recovery of surface 
densified or densified wood samples, partially thermo-hydro-mechanically (THM) treated 
after densification, (Kutnar and Kamke 2012; Laine et al. 2013; Rautkari et al. 2010) and of 
THM densified veneers (Fang et al. 2011; Fang et al. 2012). Hereby, set recovery of densified 
wood and wood veneer samples is measured by the recovered samples thickness after water 
storage. However, little was found in literature on methods suitable to determine set recovery 
of shaped wood veneers. Moreover, a supplier of automobile interior components indicated 
that there is no standard on testing shaped components for automotive interior applications. 
Components are tested under various climatic conditions according to the companies’ 
specifications and material failure is evaluated by visible evaluation.  
In order to grade the set recovery resp. shape retention of shaped furfuryl alcohol modified 
wood veneer, furfuryl alcohol impregnated rectangular rift maple veneer samples were cured 
in a Memmert universal laboratory oven UFE 400 at 120 °C fixed between two rectangular 
premium steel brackets. Veneers were covered with a plastic film (Exact-Film 210 from Exact 
Plastics) to avoid sticking towards the brackets. An additional cellulosic sheet was used to 
absorb excessing furfuryl alcohol separated from the veneer by a perforated film (P1 from 
R&G Faserverbundwerkstoffe GmbH). After 90 min, films and the cellulosic sheet were 
removed and samples were cured for another 30 min at 120 °C. Water saturated maple 
reference samples were prepared equally. In accordance to previous findings, samples were 
impregnated with undiluted furfuryl alcohol containing 2, 5, and 10 wt% maleic anhydride.  
After accomplished shaping and curing, samples were exposed for 24 h to three different 
climatic conditions (ca. 25 °C/50% RH; 25 °C/90%; water storage at 25 °C) followed by hot 
water (95 °C) treatment for one hour. For this study, dimensional stability was defined by the 
change of angle over time. Immediately after moulding, samples ideally have an angle of 90 °. 
Measured changes are referred to this rectangular shape.  
Figure 32 displays the time and climate dependent set recovery of unmodified maple veneer 
samples. Highest set recovery was recorded for the water stored sample with a shape retention 
of 17.6%. After hot water (95 °C) storage, all maple reference samples discover an almost full 
recovery of their original flat shape indicated by a shape retention of 7.9 – 10.4%.  
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Lower maleic anhydride contents in the impregnation liquid led to a more intense set recovery 
of the modified samples. Figure 34 displays differently modified and an unmodified reference 
maple sample after 24 h water storage.  
 
 
Figure 34: Effect of various maleic anhydride contents on the shape retention of shaped maple 
veneer after water storage for 24 h 
Studies on various wood properties suggest a close relation between physical and mechanical 
material characteristics and the WPG of furfuryl alcohol treated wood (Lande et al. 2004b). In 
the present experiment, the impregnated veneer samples were covered with premium steel 
brackets and plastic films during furfuryl alcohol polymerization. Thus, furfuryl alcohol 
evaporation was restricted and a greater amount of furfuryl alcohol has been polymerized 
inside the veneer samples. In consequence, no evident difference in WPG was found for 
samples impregnated with furfuryl alcohol containing 5 wt% maleic anhydride 
(WPG = 123.3%) and those treated with 10 wt% maleic anhydride dissolved in undiluted 
furfuryl alcohol (WPG = 126.4%). However, this raises the question if those small variations 
in WPG can sufficiently explain the differences of shape stability. A possible explanation is a 
structural difference of furfuryl alcohol polymers due to different maleic anhydride contents. 
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4 CONCLUDING REMARKS AND FUTURE WORK 
In the preceding chapter, results have been summarized of various experiments conducted on 
furfuryl alcohol modification of maple veneer. A combination of these individual aspects 
allows a greater general view into furfuryl alcohol induced plasticization of maple veneer, the 
heat induced and acid-catalyzed polymerization of impregnated and moulded veneer samples, 
and the achieved shape stabilization. 
A plasticizing effect of furfuryl alcohol on maple cell walls has been already described by 
Buchelt et al. (2012). The microscopic study presented in Paper IV substantiates the impact of 
time on furfuryl alcohol induced cell wall swelling being indicative for wood plasticization. 
After 48 h storing, wood cell wall swelling due to furfuryl alcohol impregnation reaches 
values comparable to water-impregnation. The observed cell wall swelling indicates a 
cleavage of intermolecular hydrogen bonds similar to water plasticization (3.1.1), a drifting 
of wood components, and a consequent deposition of furfuryl alcohol in the intermicellar and 
interfibrillar voids. This finding is in good agreement with DMTA temperature sweeps of 
furfuryl alcohol impregnated maple veneer samples. The tanδ of the impregnated veneer 
samples at 25°C is notably higher than the loss factor of the unmodified reference sample. 
Coherently, results from Erichsen cupping test proved a similar softening effect of water and 
furfuryl alcohol at room temperature. Recorded shaping paths of water and furfuryl alcohol 
impregnated maple veneer samples suggest a greater possible deformation compared to the 
reference maple veneer (factor 1.7 resp. 1.8). Besides plasticization at room temperature, 
DMTA measurements evince a further softening of the furfuryl alcohol modified wood veneer 
with increasing temperatures. The loss factor of the impregnated veneer sample shows a broad 
peak illustrating a greatest softening at ca. 80 °C similar to moisture induced softening of 
lignin and polyoses. In conclusion, an optimum moulding of impregnated maple veneers is 
suggested to be achieved at temperatures around 80 °C. This temperature range seems to be 
applicable for moulding of furfuryl alcohol impregnated maple veneer since DSC studies 
evidenced only minor furfuryl alcohol polymerization and little furfuryl alcohol evaporation 
at 80 °C. 
Above 80-90 °C and in presence of maleic anhydride, furfuryl alcohol polymerization is 
activated characterized by an increasing stiffness of the furfuryl alcohol impregnated maple 
veneer during DMTA measurements and an exothermic peak (peak temperature: appr. 
120 °C) during DSC. Thus, the obtained DSC thermograms suggest an optimum curing 
temperature of appr. 120 °C for maple veneer impregnated with undiluted furfuryl alcohol 
containing 10 wt% maleic anhydride. Veneers impregnated with ethanol diluted furfuryl 
alcohol as well as small maleic anhydride contents in the treatment liquids are expected to 
require higher curing temperatures resp. reactions are possibly retarded and incomplete when 
4 CONCLUDING REMARKS AND FUTURE WORK  46 
 
    
 
cured at 120 °C. Due to simultaneous furfuryl alcohol evaporation, veneer samples 
impregnated with latter furfuryl alcohol solutions retained lower yields of furfuryl alcohol 
inside the wood structure. WPGs of differently modified maple samples cured for 4 h at 
120 °C were directly related to the maleic anhydride content in the impregnation liquid. 
Thereby, high maleic anhydride contents (10 wt%) achieved highest WPGs (ca. 89%) 
corresponding with lower furfuryl alcohol evaporation. Results from microscopy 
demonstrated a similar effect of maleic anhydride content on the curing-induced permanent 
cell wall swelling. High maleic anhydride contents dissolved in furfuryl alcohol led to high 
permanent cell wall swelling corresponding with lowest curing induced shrinkage compared 
to same cells in unmodified, dry condition. However, all samples shrank during curing which 
can be explained by the loss of water from condensation reactions and, moreover, by furfuryl 
alcohol evaporation. In consequence, furfuryl alcohol is suggested to form not promptly a 
highly branched three dimensional and rigid polymer inside the cell walls. More likely, cell 
walls together with furfuryl alcohol polymer shrink with evaporating furfuryl alcohol. Thus, 
permanent cell wall swelling is proposed to be caused simply by the space required by the 
size of furfuryl alcohol polymer. Though obtained results from microtome sections can be 
only indicative for veneer modification, a lower shrinkage will reduce shrinkage induced 
motions and resulting fracturing. 
First trials of moulded and simultaneously polymerized furfuryl alcohol impregnated maple 
veneer specimens combined findings from plasticization and polymer formation. Due to 
considerable sticking of impregnated veneer to the metal molds, further adaptions had to be 
accomplished including the application of furfuryl alcohol and thermally resistant films and 
cellulosic sheets to avoid any adherence between veneer and molds. The used film restricted 
furfuryl alcohol evaporation visible in an increased WPG. Yet, no markedly different WPGs 
were found for maple veneer impregnated with 2, 5, and 10 wt% maleic anhydride dissolved 
in neat furfuryl alcohol. Compared to water-impregnated reference samples each furfuryl 
alcohol modified sample exhibited improved shape stability. However, shape stability varied 
notably with different maleic anhydride contents and highest shape retention was achieved for 
10 wt% maleic anhydride in the impregnation liquid. Thus, shape stability seems to be 
independent of the polymer yield but related to the maleic anhydride content. A possible 
explanation is a structural difference between furfuryl alcohol polymers initiated by varying 
maleic anhydride concentrations. This hypothesis is consistent with findings from Thygesen 
et al. (2010) and is substantiated by DSC thermograms suggesting a retarded and potentially 
incomplete furfuryl alcohol polymerization using smaller maleic anhydride contents. 
 
In respect to the objective of the present project, it can be concluded that furfuryl alcohol 
modification plasticizes maple veneer similar to the use of water. A further plasticization is 
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expected to occur at elevated temperatures and a maximum of 80 °C. Thus, furfuryl alcohol 
impregnated maple veneer samples exhibit an improved mouldability comparable to water 
impregnated maple veneer. Additionally, a simultaneous curing at elevated temperatures 
achieves a shape fixation and reduces the set recovery of moulded veneers. However, 
optimum curing temperature and duration as well as shape stability are highly dependent on 
the amount of maleic anhydride used in the furfuryl alcohol solution.  
 
Nevertheless, furfuryl alcohol polymerization is still not fully understood. Further research is 
necessary to explain furfuryl alcohol polymer formation inside restricting cell walls and 
possible crosslinking with wood polymers. 
More information on suggested structural differences due to varying amounts of initiator and 
curing parameter can be possibly gained from further extensive DMTA studies. DMTA 
experiments on polymerized veneer samples carried out e.g. under elevated humidity and 
temperature will obtain more information on the impact of different process parameter on the 
shape stability and polymer formation. Thus, optimum process parameter can be determined 
in accordance to required product properties. 
A preliminary study on furfuryl alcohol impregnated wood veneer applied directly on various 
carrier materials (e.g. acrylonitrile butadiene styrene and aluminium) showed a strong 
adhesion between modified wood veneer and the carrier after polymerization. Thus, no 
subsequent gluing of moulded veneer on the carrier surface is necessary. More effort is 
needed especially to evaluate a gluing of furfuryl alcohol impregnated veneer to shaped 
carriers. 
All results presented in this thesis aimed to evaluate furfuryl alcohol modification of single 
maple veneer layers. However, furfuryl alcohol plasticized wood veneer might be used for the 
production of moulded and subsequently laminated wood, too. Thus, furfuryl alcohol achieves 
a plasticization of the veneer layers and enhances the mouldability on one side and a 
subsequent gluing of the single layers under heat on the other side. Yet, extensive research is 
essential to evaluate the processing and capability of such moulded laminated wood. 
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Effect of Maleic Anhydride Content and Ethanol Dilution 
on the Polymerization of Furfuryl Alcohol in Wood 
Veneer Studied by Differential Scanning Calorimetry 
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The polymerization kinetics of furfuryl alcohol in wood veneer were 
studied using differential scanning calorimetry (DSC) and were 
compared with weight gains of treated wood veneers. Maleic anhydride 
was used as the reaction initiator. DSC data were obtained for samples 
of the veneers that had been impregnated with neat furfuryl alcohol or 
with furfuryl alcohol diluted with ethanol, and using two ratios of maleic 
anhydride to furfuryl alcohol. The high ratio of maleic anhydride to furfuryl 
alcohol (1:9) favoured rapid polymerization at a lower temperature, 
whereas the lower ratio (1:19) resulted in a relatively slower rate of 
polymerization, which required higher temperatures to affect the reaction. 
A higher temperature also led to an increase in furfuryl alcohol 
evaporation from the prepared veneers. The DSC data was compared 
with data obtained from furfuryl alcohol impregnated wood veneers but 
without the addition of maleic anhydride. DSC data is in good agreement 
with weight percentage gains (WPGs) obtained for samples impregnated 
with differently composed solutions. While higher maleic anhydride 
contents led to higher WPGs, ethanol dilution inhibits polymer formation, 
resulting in lower WPG.   
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 The polymerization of furfuryl alcohol in wood is a well-known process for wood 
preservation and wood property enhancement. The modification process is based on dry 
wood impregnation with furfuryl alcohol and a reaction initiator, followed by polymer 
formation at elevated temperature. Early investigations used zinc chloride and organic 
acids for initiating furfuryl alcohol polycondensation reactions (Goldstein and Dreher 
1960). However, more recently, Schneider (2002) and Westin (2004) implemented the 
use of cyclic carboxylic anhydrides, mainly maleic anhydride, to improve the stability of 
impregnation solutions with a preferable environmental impact. The complex chemical 
reactions that occur during the curing step lead to polymeric material comprised of 
several molecular structures. The resulting furfuryl alcohol polymer resides        
predominantly in the wood cell walls and gives the treated wood a dark brown colour. 
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Extensive research has been carried out on the determination of these reactions, as well as 
on the mechanisms and characterization of the polymer products obtained (Barr and 
Wallon 1971; Choura et al. 1996; Gandini 2009; Gonzalez et al. 1992; Guigo et al. 2007; 
Milkovic et al. 1979; Principe et al. 2000). On furfurylation, physical-mechanical and 
biological wood properties are significantly modified. Epmeier et al. (2004) have 
reported improved dimensional stability, substantially reduced impact bending strength, 
increased hardness, and reduced equilibrium moisture content for furfurylated wood 
specimens. These results generally agree with those obtained by Lande et al. (2004) and 
Esteves et al. (2010), who also verified an increased durability of treated samples against 
Poria placenta and Coniophora puteana. The degree of property modification depends 
on the weight percentage gain (WPG) and the polymer content inside the wood cell walls 
(Hadi et al. 2005, Lande et al. 2004) with the exception of durability. Alfredsen and 
Westin (2009) and Venås and Felby (2009) found no significant changes in mass loss and 
wood moisture content during field tests for WPGs higher than 20% and 25%, 
respectively. In order to realize different WPGs, Westin diluted furfuryl alcohol using 
different solvents such as methanol or ethanol evaporated from wood prior to the curing 
step (Westin 2004). 
Little has been reported on the role of maleic anhydride content and ethanol 
dilution on reaction kinetics and its effects on the polymer yield and weight gains of 
wood samples during furfurylation. Wewerka (1968) stated that the initial reaction rate 
was a function of pH. The source of protons required to provide the low pH for reaction 
initiation is the labile half-ester, obtained from the reaction of maleic anhydride and 
furfuryl alcohol, isolated by Pelter and Singaram (1983) from chloroform solution. 
Wewerka (1968) could not find any effect of the initiator’s concentration on the end 
product’s chemical constitution. In contrast, Gonzalez et al. (1992) reported polymers 
with differing structures obtained by using different curing temperatures and concentra-
tions of trifluoroacetic acid dissolved in furfuryl alcohol to affect the polymerization, a 
conclusion consistent with earlier differential scanning calorimetry (DSC) measurements 
obtained by Kelley et al. (1982). These studies suggest a great impact of maleic 
anhydride on the polymerisation reactions. Extensive chemorheological analyses on 
furfuryl alcohol polymerization have been carried out by Guigo et al. (2007) using neat 
furfuryl alcohol and water-dissolved maleic anhydride. These authors studied the effect 
of different heating ramps and isothermals during DSC on the extent of furfuryl alcohol 
conversion.  
However, in order to understand, adjust, and control the wood furfurylation 
process, it is of interest to determine the impact of different maleic anhydride contents on 
the polymerization reactions regarding the degree, optimum temperature, and duration of 
polymerization within the wood. For this purpose DSC has been carried out on wood 
veneer samples impregnated with furfuryl alcohol/ethanol solutions containing different 
amounts of maleic anhydride. Furthermore, the WPGs were determined on larger-scale 





Preparation of Specimens 
 All analyses were conducted on veneer samples taken from maple (Acer sp.). The 
veneer was provided by Furnierwerk Prignitz GmbH und Co. KG. All specimens were 
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cut from a single sheet of veneer, which was produced as a crown-cut veneer. The 
dimensions of the samples were about 20 mm (T) × 25 mm (L) with a thickness of 
0.53 to 0.57 mm for unmodified samples. The prepared veneer specimens were kiln dried 
at 80 °C when placed in a mounting bracket inside a desiccator under low pressure 
(100 mbar) to evacuate the wood cells. After 30 min, the samples were lowered into the 
modification solution and impregnated for 3 h at 100 mbar, allowing maximum uptake. 
The solutions used were prepared as shown in Scheme 1. Maleic anhydride was dissolved 
in furfuryl alcohol (by wt%). The furfuryl alcohol/maleic anhydride solution then was 
blended with ethanol (by vol%) as a variable to control the extent of furfurylation 
(Westin 2004). After impregnation was completed, the specimens were kept enclosed in 
aluminium foil envelopes to soak for 24 h. Residual ethanol was removed under low 
pressure (100 mbar). Furfuryl alcohol (> 98 vol%) was provided by International Furan 
Chemical B.V., Rotterdam, the Netherlands. Maleic anhydride (P.A.) and ethanol (96 
vol%) were obtained from Merck KGaA, Darmstadt, Germany. 
 
 
Scheme 1. Furfuryl alcohol and maleic anhydride composition of the impregnation solutions used 
in preparing modified veneer specimens. 
 
DSC Measurements 
The DSC measurements were performed on a TA instruments Q1000 DSC under 
a nitrogen atmosphere. Samples were cut from the veneer specimens into small squares 
(5 to 6.5 mg) and placed in standard aluminium pans. For DSC measurements, two 
different experiments were run: a ramp with a heating rate of 10 °C/min from 20 to 
200 °C and isothermal temperature profiles at 80, 100, 120, and 140 °C with an initial 
ramp of 100 °C/min (according to DIN EN ISO 11357-1:2009).  
 
WPG 
To determine the weight uptake due to formation of furfuryl alcohol polymer 
during the furfurylation process, six samples per charge were prepared as indicated and 
cured at 120 °C for 4 h in a laboratory kiln under self-generated atmosphere. The samples 
were weighed in absolute dry condition after soaking and removal of residual ethanol, 
and finally after curing. From those weights, the mass uptake was determined as WPG 
using Equation (1),       




where WPG is the weight percentage gain of the sample after curing [%], Wt is the weight 
of the sample after curing [g], and Wu is the weight of the absolutely dry sample [g]. 
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RESULTS 
 
DSC Experiment 1: Heating Ramp 
DSC thermograms of treated veneer specimens (Figs. 1 to 4) show the distinct 
effects of maleic anhydride on furfuryl alcohol polymerization. Figure 1 shows the 
changes of the cure profiles in relation to different amounts of maleic anhydride for 
undiluted furfuryl alcohol treatment. The application of veneer treated with furfuryl 
alcohol and 10 wt% maleic anhydride led to a single exothermic peak with an onset at ca. 
101 °C and a maximum at 122 °C. Employing the veneer treatment of furfuryl alcohol 
with 5 wt% maleic anhydride concentration led to a formation of two exothermic peaks, 
the first at 122 °C and the second at 147 °C. Both peaks had a relatively lower intensity 
than the single exothermic peak displayed by the samples treated with 10 wt% maleic 
anhydride in undiluted furfuryl alcohol. No exothermic reaction was observed in the 
absence of maleic anhydride, with an endothermic peak at 154 °C attributed to the 
evaporation of furfuryl alcohol. 
 
 
Fig. 1. DSC heating ramp: 10 °C/min; veneer samples impregnated with neat furfuryl alcohol and 
different amounts of maleic anhydride 
 
 In Figs. 2 to 4, the DSC thermograms compare veneer samples treated with 
differing furfuryl alcohol/ethanol combinations and the same ratio of maleic anhydride. 
Figure 2 shows the distinct effect on the polymerization reaction with increasing amounts 
of ethanol as diluent and with the same ratio of maleic anhydride to furfuryl alcohol 
(10 wt%). The thermogram of the undiluted sample (neat furfuryl alcohol) showed a 
single peak at 122 °C (Fig. 1). Dilution of furfuryl alcohol to 75 vol% in ethanol caused a 
broadening of this exothermic peak and a shift towards a higher temperature, with the 
maximum of this peak at 147 °C and a shoulder at 124 °C. The DSC thermogram of the 
most diluted furfuryl alcohol (50 vol%) demonstrated the cure profile splitting into two 
distinct exothermic peaks, with the greater at 155 °C and with the second, lower peak at 
ca. 122 °C.  
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Fig. 2. DSC heating ramp: 10 °C/min; veneer samples impregnated with 10 wt% maleic 
anhydride and different dilutions of furfuryl alcohol in ethanol 
 
In contrast to the thermogram results from ethanol dilution of the furfuryl alcohol 
solutions containing 10 wt% maleic anhydride, the thermogram profiles of the veneer 
specimens treated with diluted and neat furfuryl alcohol solutions containing 5 wt% 
maleic anhydride displayed polymerization occurring at a higher temperature with 
increasing ethanol content (Fig. 3). In the absence of ethanol, two exothermic peaks 
(124 °C and 147 °C) were observed from 5 wt% maleic anhydride (Fig. 2). In the 
presence of ethanol, the higher temperature exotherm peak shifted to 162 °C when 
furfuryl alcohol was diluted to 75 vol%. Upon 50 vol% dilution, this exotherm peak 
shifted to 168 °C. Also evident in Fig. 3 was the diminishing exothermic peak at 122 °C, 
which was relatively small when compared to the exotherm from treated veneer samples 
containing 10% maleic anhydride (Fig. 2). 
 
 
Fig. 3. DSC heating ramp: 10 °C/min; veneer samples impregnated with 5 wt% maleic anhydride 
and different dilutions of furfuryl alcohol in ethanol 
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Dilution of neat furfuryl alcohol treatment solution with ethanol had little impact 
on cure profiles. Across the samples measured, the maximum of the endothermic peak 
was between 154 and 157 °C, attributed to evaporation of furfuryl alcohol (Fig. 4).  
 
 
Fig. 4. DSC heating ramp: 10 °C/min; veneer samples impregnated with different dilutions of 
furfuryl alcohol in ethanol 
 
The DSC data obtained from the thermal profiles in Figs. 1 to 4 are summarized 
in Table 1. 
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DSC Experiment 2: Isothermal Temperature Profiles 
The DSC experiments using isothermal temperature profiles reflect the impact of 
differing temperature (80, 100, 120, and 140 °C) on the polymerization kinetics and 
reaction duration. The differing isothermal cure profiles are exemplified in Fig. 5 for 
samples impregnated with undiluted furfuryl alcohol and 10 wt% maleic anhydride.  
The thermograms showed a single, intense exothermic peak when the 
polymerization reaction was carried out at 140 °C. Two sequential peaks were observed 
from polymerization at 120 °C. Thermograms at 100 and 80 °C show little exothermic 
activity with no measureable change in heat flow after approximately 5 min at these 
isothermal temperatures.  
 
 
Fig. 5. DSC isothermal temperature profiles at 80, 100, 120, and 140 °C with an initial ramp of 
100 °C/min; veneer samples impregnated with neat furfuryl alcohol and 10 wt% maleic anhydride 
 
 
Fig. 6. DSC isothermal temperature profile at 140 °C, initial ramp 100 °C/min; veneer samples 
impregnated with 50 vol% (in ethanol) and neat furfuryl alcohol and 10 wt% maleic anhydride 
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A comparison of samples impregnated with 50 vol% furfuryl alcohol in ethanol or 
neat furfuryl alcohol (with 10 wt% maleic anhydride) at an isothermal temperature of 
140 °C indicated a lower rate of reaction was achieved (Fig. 6). Figure 6 illustrates the 
thermogram for a specimen impregnated with diluted furfuryl alcohol (50 vol%), which 
showed a broad exotherm peak, comparable in intensity with that observed for the sample 
treated with neat furfuryl alcohol and 10 wt% maleic anhydride reacted at 100 °C. 
 
WPG 
Results reveal the impregnated samples lose at least 58 % of unreacted furfuryl 
alcohol during the curing step. This was mainly due to furfuryl alcohol evaporation and 
water release from the condensation reaction. However, the loss of furfuryl alcohol and 
retention of reacted furfuryl alcohol depend strongly on the maleic anhydride content of 
the impregnation solution as well as on the ethanol dilution (Fig. 7). From these results 
there is a linear relationship between WPG and maleic anhydride. Moreover, WPGs also 
demonstrate an inhibiting effect by ethanol on the extent of polymer formation and 
weight retention. Diluting furfuryl alcohol with ethanol (3:1 and 1:1) leads to reduced 
WPG by ~49% and ~78%, respectively, for the same maleic anhydride ratios. 
 
 
Fig. 7. WPG of samples impregnated with different ethanol dilutions of furfuryl alcohol (100, 75, 
and 50 vol%) in relation to the maleic anhydride content (0, 5, and 10 wt% of furfuryl alcohol) in 





The use of neat furfuryl alcohol for treating wood veneer led to a single 
endothermic peak that indicated the vaporization of furfuryl alcohol with little or no 
evidence of any exotherm, indicative of polymerization having taken place at elevated 
temperature (Guigo et al. 2007). Interestingly, this endotherm had a broad onset and 
maximum at ca. 154 °C, while DSC measurements of neat furfuryl alcohol displayed a 
narrow endothermic peak at ca. 185 °C. This shift of the evaporation peak to lower 
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temperatures compared to the corresponding liquid was noticed for all treated veneer 
samples, irrespective of the ethanol content. These shifts to lower temperatures are a 
result of the wood ultrastructure and resulting capillary forces affecting the physical 
properties of furfuryl alcohol. The same effect is known to occur for water in porous 
material (Schreiber et al. 2001) and can be utilized for wood cell size and diameter 
determination by thermoporometry (Zauer 2012).  
For veneers impregnated with neat furfuryl alcohol and maleic anhydride, only 
exothermic peaks were observed. No endotherm corresponding to evaporating furfuryl 
alcohol was detected, though furfuryl alcohol losses of at least 58% were shown to occur 
during larger-scale experiments. At least two exothermic reactions were apparent, as 
evidenced by peaks shown in Table 1. It is noteworthy that the intensity of the lower 
temperature exotherm (ca. 122 °C) determined the intensity and onset temperature of the 
second, higher temperature exotherm peak. This effect, resulting from polymerization 
reactions, was also dependent on the amount of maleic anhydride used. Increased maleic 
anhydride content in the impregnating solution activated more furfuryl alcohol, leading to 
an intense, lower temperature exothermic reaction. This was exemplified with the sample 
impregnated with furfuryl alcohol and 10 wt% maleic anhydride. Lower maleic 
anhydride proportions led to a reduced intensity of the first exothermic peak (122 °C) and 
the emergence of a second exothermic reaction at a higher temperature (above 134 °C). 
From these results, it can be deduced that the second exotherm is a result of 
polymerization reactions that require a minimum rate of energy to be initiated. Milkovic 
et al. (1979) also observed that furfuryl alcohol reactions occur at lower temperatures 
when the concentration of maleic anhydride is increased. Kelley et al. (1982) attributed 
the low temperature exothermic peak to condensation reactions between the methylol 
groups and the 5-position hydrogens, leading to methylene ether bridges between the 
furan rings. The second exothermic peak was attributed to several subsequent reactions, 
including the rearrangement of methylene ether linkages, resulting in chains of furan 
rings linked by methylene bridges. This assertion could be supported by spectroscopic 
analysis of dichloromethane extracts of samples cured at 140 °C for 30 minutes. Results 
showed that the extract colour was darker when lower amounts of maleic anhydride 
where used. This finding suggests that condensed and chromophoric furfuryl alcohol 
polymeric structures were already formed in all samples, but vary in branching or linkage 
when treated with low amounts of maleic anhydride. 
In addition, dilution with ethanol leads to a further reduction of the degree of 
polymerization. The thermograms in Figs. 2 and 3 substantiate a decreasing intensity of 
the first exothermic peak and a shift of the second exothermic peak to higher 
temperatures with increasing ethanol content. Simultaneously, higher temperatures favour 
furfuryl alcohol evaporation, leading to less polymer formation as shown in Fig. 7. The 
reduced polymerization may be caused by relatively lower amounts of furfuryl alcohol 
dispersed within the wood veneer. Moreover, this reduction can be caused by acid-
catalysed esterification of ethanol and maleic anhydride, forming diethyl maleate. An 
excess of ethanol and elevated temperatures are reported to favour the formation of 
diethyl maleate (Yadav and Thathagar 2002) and reduce the maleic anhydride content 
available for initiating furfuryl alcohol polymerization 
Overall, these findings gained from DSC were in accordance with sample weight 
gains due to this veneer modification process. As shown in Fig. 7, weight gains were 
strongly dependent on the maleic anhydride content used in samples cured at 120 °C. A 
lower maleic anhydride content contributed to smaller sample weight gains. Likewise, 
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samples impregnated with ethanol-diluted furfuryl alcohol/maleic anhydride solutions 
showed smaller weight gains compared to samples impregnated with solutions of furfuryl 
alcohol and the same ratio of maleic anhydride.  
Furthermore, sample weight gains recorded for impregnated and cured samples 
could generally be related to the DSC thermograms, in which a shift to higher 
temperature exotherms was a result of lower maleic anhydride concentrations in the 
treatment solutions and ethanol dilution of the impregnation solutions. Therefore, 
polymerization of furfuryl alcohol in veneer samples using low ratios of maleic anhydride 
conducting reactions at 120 °C will result in longer reaction times and potentially lead to 
incomplete reactions. Furthermore, this process was complicated by the volatilization of 
furfuryl alcohol from the treated wood veneers so that less cured polymer is deposited in 
the wood cells, together with reactions requiring more time.   
The different isothermal temperature cure profiles depicted in Fig. 5 show a single 
intense exotherm at 140 °C and a broader, lower intensity exotherm at 120 °C, with only 
weak exotherms observed at 100 and 80 °C isothermal treatments. At both 140 and 
120 °C, polymerization appeared to be relatively quick, reaching completion within 
5 min (Fig. 5). This apparent rapid reaction at elevated temperatures is not inconsistent 
with the findings for furan resins and other methylol chemical systems polymerization, 
such as formaldehyde adhesives (Wang et al. 1994), and is in good accordance with 
results from Guigo et al. (2007).  In contrast, relatively little reactivity was evident below 
100 °C over the initial 30 min reaction period. The extent of the initial cure exotherm at 
140 °C was also dependent on the ratio of maleic anhydride used in the veneer 
modification solution (Fig. 6). This was consistent with findings from heating ramp 
thermograms (Figs. 1-4). These differences in exotherm intensity observed across Fig. 5 
and Fig. 6 are also related to polycondensation reactions taking place. Comparisons of 
sample mass on polymerization at 120 and 140 °C do not show that any significant 
differences in the treatment weight gains affecting treatment and polymer formation. This 
indicated that the furfuryl alcohol must be retained in approximately the same amounts in 
the wood veneer specimens.  
The results from DSC measurements, using the heating ramp method, indicated 
reactions are initiated above 100 °C, particularly from ca. 120 °C, with differing 
polymerization reaction temperatures greater than 160 °C. Reactions were dependent on 
the maleic anhydride content and its availability to initiate polycondensation reactions, 
and on furfuryl alcohol dilution with ethanol. Isothermal cure profiles provided further 
information in terms of duration and enthalpy of the polycondensation reactions, 
indicating that they were relatively rapid, but dependent on temperatures greater than 





1. Wood veneer furfurylation modification using maleic anhydride as the furfuryl 
alcohol polymerization initiator significantly influenced polymerization kinetics and 
polymer formation. Modification using treatment solutions with low maleic anhydride 
content require a higher temperature to affect the same degree of polymerization. 
2. Dilution of the furfuryl alcohol/maleic anhydride treatment mixture with ethanol 
retarded the polymerization reaction resulting in lower WPGs, which may be due to 
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both side reactions of ethanol with maleic anhydride and diluting the reactants within 
the wood. 
3. High curing temperatures (120 to 140 °C) led to a more rapid, exothermic cure, 
whereas temperatures less than 100 °C were below the polymerization threshold onset 
temperature, resulting in low rates of polycondensation and potential for furfuryl 
alcohol loss through evaporation. 
4. DSC assessments of polymerization reactions were in good agreement with results 
regarding the WPG of reacted polymer inside the veneers. Both DSC assessments and 
polymer gain are affected by ratio of maleic anhydride and furfuryl alcohol dilution 
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Abstract: 
Due to mechanical restrictions veneer application on surfaces is limited to simple shapes.  To 
enhance the moulding performance veneer samples were impregnated with furfuryl alcohol for an 
improved plasticization. The plasticizing effect of furfuryl alcohol was determined according to 
the Erichsen cupping tests and results were compared to control samples and water saturated 
samples. The extent of furfuryl alcohol plasticization is comparable to the use of water with the 
shaping path being distinctly improved by 68 % for water and 71 % for furfuryl alcohol. Little 
changes were observed for maximum load.  
1 Introduction 
High-value wood veneer is used in furniture and automobile interior industry for 
decorative purposes. Due to mechanical restrictions veneer application on surfaces 
is limited to simple shapes. During moulding different stresses are applied to the 
veneer and mainly cracks occur due to material failure (Wagenführ and Buchelt 
2005). Moulding micro veneer (thickness <0.3 mm) have been found to face 
additional wrinkling (Wagenführ et al. 2005). A veneer modification process 
enhancing the material performance and leading to a broadened veneer application 
is of great interest. Several chemical, e.g. anhydrous ammonia (Schucreh 1966), 
mechanical, e.g. fibre enforcement, angle grinding (Leimeister 2008), and 
hygrothermal treatments of veneer led to improved moulding, but all processes 
confront several difficulties. 
Thus, the present project’s aim is a veneer modification process combining 
plasticization, moulding, and shape fixation of veneer. For this process, veneers 
are impregnated with furfuryl alcohol/maleic anhydride solutions to improve 
2 
plasticization and moulding properties. Subsequently, the realized shape is fixed 
by a temperature induced acid-catalyzed curing/polymerization. 
 
2 Materials and methods 
Rift veneer samples made from maple (Acer spec.) were cut in circular shape 
(d=40 mm). The thickness of unmodified veneer was 0.53 to 0.57 mm. The 
samples were kiln-dried followed by impregnation with furfuryl alcohol or 
purified water under low pressure (100 mbar) for 3 h and soaking for 24 h. 20 
samples of each impregnated charge and 10 native and dry samples were tested. 
Furfuryl alcohol (> 98 vol.–%) was provided by International Furan Chemical 
B.V., Rotterdam, The Netherlands. 
The plasticizing effect due to furfuryl alcohol impregnation resp. water treatment 
was determined according to the Erichsen cupping test (DIN EN ISO 20482, 2003 
- the application for veneer is described in detail by Wagenführ et al., 2005). For 
measurements, a universal testing machine ZWICK BZ 2.5 was equipped with a 
measuring device according to Wagenführ et al. (2005) with a punch diameter of 
20 mm. Data were logged for load (in N) in relation to recorded distance of the 
punch (shaping path in mm). Tests were completed at a strength decline of 30 %. 
The forming capability was determined for the veneer samples by the shaping 
path and the maximum load realized during the cupping test. 
 
3 Results and Discussion 
Wood plasticization results in an increased forming capability and improved 
moulding behaviour of wood. Being tested, different stresses are applied to the 
samples. However, all samples failed due to tensile stress perpendicular to grain 
orientation visible as crack parallel to grain in the specimens’ midst. All samples 
are described by almost linear progressions and elastically behaviour (Figure 1).  
Control samples are characterized by lowest forming capability and small shaping 
paths (1.64 mm). Treatments with water and furfuryl alcohol have similar effects 
on the plasticization of veneer samples. Both treatments lead to improved 
plasticization with shaping paths increased by 71 % for water (2.81 mm) and 
86 % for furfuryl alcohol (3.05 mm). 
3 
The maximum load has changed little too. For control samples a maximum load 
of 26.65 N was observed. The treatments with water and furfuryl alcohol show a 
little increase (8 resp. 16 %) of the maximum load. 
Distinct increases of shaping paths combined with relatively small increases of 
maximum load result in smaller Young’s moduli consistent with increased 
elasticity. This effect was proved for both treatments and is illustrated by the 
curves’ minor slopes displayed in Fig. 1. 
 
 
Fig. 1 Cupping test; Load-Shaping-Path Curves of native and impregnated veneer. Each graph 
represents one example of each charge. 
Abb. 1 Tiefungsversuch; Kraft-Verformungsdiagramm für unmodifizierte und imprägnierte 
Furnierproben. Jeder Graph repräsentiert einen Prüfkörper jeder Charge 
 
4 Conclusions 
Results from Erichsen cupping test indicate a plasticizing effect of furfuryl 
alcohol on wood veneer similar to the use of water on the veneers’elastic 
behaviour. The use of water for plasticization leads to several problems during a 
moulding process consistent with the inevitable swelling and shrinkage of work 
pieces. In contrast, furfuryl alcohol leads to similar veneer plasticization but 
decreases the swelling and shrinking if moulding is combined with a curing step 
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Shape Retention of Furfurylated and Moulded Wood 
Veneer 
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High-value wood veneer is used in the furniture and automobile 
interior industries for decorative purposes. Due to mechanical 
restrictions, veneer application on surfaces is limited to simple 
shapes. In the last century, many approaches were developed to 
improve the moulding behaviour of veneer. However, all of these 
processes face several difficulties. Currently, water is primarily used 
for veneer plasticization, with the disadvantages of shrinkage and 
cracks due to drying. Furthermore, products often fail during material 
climate testing due to set recovery. Thus, a veneer modification 
process was considered combining plasticization, moulding, and 
shape fixation of veneer with reduced set recovery. To accomplish 
this, veneers were impregnated with furfuryl alcohol/maleic anhydride 
solutions to improve plasticization and moulding properties. 
Subsequently, veneers were moulded, and the realized shapes were 
fixed by temperature-induced acid-catalyzed polymerization. Due to 
the polymer in the cell wall, set recovery of all modified samples was 
noticeably reduced compared to reference samples plasticized with 
water prior to moulding. The degree of set recovery reduction due to 
modification varied with the modification intensity. Samples with 
higher weight percentage gain (WPG = 126.4%) were more stable in 
the presence of moisture than samples with lower polymer yields 
(WPG = 107.4%). 
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 The application of valuable wood veneer for decorative purposes is of high 
interest for many industries, especially for the automobile and yacht interior 
industries. However, veneer application on surfaces is limited to rather simply shaped 
elements due to mechanical restrictions. The main restriction is cracks that occur 
during moulding, caused by various stresses applied to the veneer during the process 
(Wagenführ and Buchelt 2005). Minor failures can be concealed, though this effort is 
time-consuming and costly. To extend the range of application, various approaches 
have been developed to improve the moulding behaviour, including several chemical, 
e.g., anhydrous ammonia (Schuerch 1963); mechanical, e.g., angle-grinded veneer 
bond to fleece (Leimeister 2008); enzymatic (Goswami et al. 2007); and hygrothermal 
treatments of wood and wood veneer (Navi and Sandberg 2011). However, all 
processes face several disadvantages. Today, many manufacturers use water or water 
vapor for veneer plasticization, with the disadvantage of material failure due to 
shrinkage and set recovery of the moulded veneers. 
Thus, the main objective of the current project is the development of a veneer 
modification process combining plasticization, moulding, and shape fixation of 
veneer. To accomplish this, veneers were impregnated with furfuryl alcohol solutions 
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containing maleic anhydride as an initiator. In general, wood modification using 
furfuryl alcohol solutions with different initiators for impregnation is a well-known 
method for wood preservation affecting several wood properties (Schneider 2002; 
Westin 2004; Epmeier et al. 2004). After impregnation, furfuryl alcohol was 
polymerized at an elevated temperature, forming a complex polymer residing mainly 
in the cell wall (Barr and Wallon 1971; Choura et al. 1996; Lande et al. 2004; Guigo 
et al. 2007; Barsberg and Thygesen 2009; Thygesen et al. 2010a).  
 Previous results from mechanical testing of veneer demonstrate a similar 
degree of plasticization realized with furfuryl alcohol impregnation compared to the 
usage of water (Herold and Pfriem 2013). Studies on furfurylated and compressed 
solid wood have demonstrated a reduced spring-back effect due to the modification 
(Buchelt et al. 2012). Thus, it is assumed that the polymer formed during heat-
induced acid-catalyzed polymerization likewise affects the fixation of the furfurylated 
and shaped veneer. To verify this assumption, veneer stripes were impregnated, 
shaped, and cured at elevated temperatures. After curing, samples were exposed to 
three different climate conditions to evaluate the impact of different modification 






For this study, all samples were taken from a single veneer sheet of European 
maple (Acer sp.) produced as rift veneer. Samples were cut in a rectangular shape 
(20 mm x 100 mm) with the long edge being aligned parallel to the fiber orientation. 
Annual rings were chosen to be narrow and comparable in width. The thickness of 
unmodified veneer was 0.53 to 0.57 mm. Samples were dried at 80 °C to constant 
weight. Afterwards, dry samples were evacuated under low pressure (60 mbar) for 
30 min, followed by impregnation at 60 mbar for 3 h, allowing a maximum uptake. 
For impregnation, three solutions of varying furfuryl alcohol and maleic anhydride 
contents (2, 5, and 10 wt% maleic anhydride) were prepared to provide different 
modification intensities, expressed by different WPGs (Herold et al. 2013). Furfuryl 
alcohol (> 98 vol%) was provided by International Furan Chemical B.V., Rotterdam, 
The Netherlands, and maleic anhydride (p.A.) was obtained from Merck KGaA, 
Darmstadt, Germany. After impregnation, samples were left in aluminum foil to soak 
for 24 h. Likewise, reference samples were prepared using deionized water for 
plasticization. 
For this study, two rectangular brackets from premium steel sheets were used 
to accomplish the moulding. After the steel brackets were heated to 120 °C, the 
veneer samples were bent gently transversely to the grain around one of the steel 
brackets, covered with the second steel bracket, and fixed in between. To keep the 
veneer sample from sticking to the steel brackets, a plastic film (Exact-Film 210 from 
Exact Plastics) was wrapped around the samples. Additionally, cellulosic sheets were 
used to absorb leaking impregnation solution separated from the veneer with 
perforated film (P1 from R&G Faserverbundwerkstoffe GmbH).  
The prepared samples were kept at 120 °C in a heating chamber to start the 
polymerization. After 1.5 h, foils and cellulosic sheets were removed and samples 
were cured further for 30 min at 120 °C fixed between the steel brackets. Water-
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Modification Intensity 
 Generally, the intensity of wood modification processes has a strong influence 
on the physical properties. To determine the impact of the modification intensity on 
the shape retention of moulded samples, samples were impregnated with three 
different furfuryl alcohol/maleic anhydride solutions to realize different treatment 
intensities. Increased maleic anhydride content leads to higher weight percentage 
gains (WPGs) (Herold et al. 2013). The treatment intensity is in accordance with the 
WPG of samples.  
To determine the WPG, the samples were weighed in dry conditions, after 
soaking, and finally after curing. From these weights, the mass uptake was determined 
as WPG using Eq. (1), 
 
      
                 (1) 
 
 
where WPG is the weight percentage gain of the sample after curing [%], Wt is the 




There have been few reports concerning the set recovery or shape retention of 
moulded wood veneer. Fang et al. (2011) used a cyclic recovery test to determine the 
set recovery of compressed wood veneer. Similar to known recovery tests of solid 
compressed wood (e.g., Navi and Girardet 2000; Rautkari et al. 2009; Kutnar and 
Kamke 2011; Laine et al. 2012; Buchelt et al. 2013), the compressed veneer was 
saturated with water followed by oven drying five times. Afterwards, samples were 
boiled in water for 30 min. For the present study, the impact of treatment intensity on 
the shape retention at various climatic conditions was evaluated. Each charge was 
exposed to three different climates (room temperature: approximately 25 °C/50% RH; 
climate chamber: 25 °C/90% RH; and water at 25 °C) for 24 h to survey the climate- 
and time-dependent shape retention. After 24 h at the chosen climate, all samples 
were placed in water (95 °C) for one hour. 
For this study, shape retention is defined by the change of angle. After 
moulding, samples ideally have an angle of 90°, which is also considered the 
reference angle for full shape retention (= 100%). Changes of angle due to set 
recovery were measured in defined intervals over 24 h. Additionally, photos of each 
sample were taken at every measurement point. 
 
 
RESULTS AND DISCUSSION 
 
The distinct effects of different climates on the shape retention of native wood 
veneer are shown in Fig. 1. The reference sample placed at ca. 25 °C and 50% RH 
exhibited the highest shape retention after 24 h (92.4%). Increasing the humidity to 
90% RH resulted in shape retention of 72.8%. As expected, water exposure led to the 
set recovery of the reference sample. After 15 min, the sample’s shape retention was 
about 38.7%, reaching 17.6% after 24 h. After one hour in heated water (95 °C), all 
reference samples displayed a shape retention of 7.9  t o  10.4%. The retained shape is 
therefore a result of plastic deformation of the veneer.   
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Fig. 1. Shape retention of reference samples under different climate conditions 
 
Generally, each furfuryl alcohol-modified sample had a reduced memory 
effect and increased shape retention compared to the corresponding reference sample 
(Figs. 1 to 4). Increasing maleic anhydride content correlated with increasing shape 
retention. However, findings from earlier studies (Herold et al. 2013) concerning the 
linear relation of maleic anhydride content and WPG could not be confirmed for the 
curing of samples using additional films and cellulosic sheets. The WPGs determined 
in this work were generally higher because the films seemed to restrain evaporation of 
furfuryl alcohol. As a result, 2 wt% maleic anhydride led to an average WPG of 
107.4%; average WPGs of 123.3% and 126.4% were recorded with 5 wt% and 
10 wt% maleic anhydride, respectively. 
The impact of modification intensity on the shape retention of modified 
samples is shown in Figs. 2 through 4. As expected, climate conditions strongly 
influenced the shape retention of the samples. While room climate led to little change, 
higher humidity/water contents promoted the memory effect of the veneer samples. 
However, the differences in climate affected shape retentions less distinctively for 
higher modification intensities compared to lower modification intensities. 
Figure 2 depicts results from samples modified with a furfuryl alcohol/maleic 
anhydride solution containing 2 wt% maleic anhydride. After curing, all samples 
showed a spring-back effect. After 24 h, small changes were observed for the sample 
exposed to room climate (shape-retention: 93.7%). In contrast, the sample in the 
climate chamber experienced greater changes in shape, approaching a shape retention 
of 78.2% after 24 h. Predictably, the most distinct change was observed for the water-
stored sample with a shape retention of 67.7%. After being exposed to hot water (95 
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Fig. 2. Shape retention of modified samples (2 wt% maleic anhydride, WPG = 107.4% (2.06)) 
under different climate conditions 
 
 Compared to results from less intensely modified samples (2 wt% maleic 
anhydride), higher shape retentions were generally recorded for samples modified 
with furfuryl alcohol solution containing 5 wt% maleic anhydride (Fig. 3). Almost no 
spring-back was observed when samples were removed from moulds after curing. The 
effect of different climate conditions could still be observed, but to a significantly 
lower extent. After 24 h at room climate, a shape retention of 98.2% was documented. 
Increasing the humidity to 90% RH led to a shape retention of 90.9%. Water storage 
for the same duration led to a further decreased shape retention (86.6%). After being 
placed in hot water (95 °C) for one hour, samples still demonstrated a shape retention 
of about 65%. 
 Further reductions of the memory effect could be realized using 10 wt% 
maleic anhydride in the furfuryl alcohol solution, leading to a WPG of 126.4% 
(Fig. 4). However, a negative spring-back effect was noticed when samples were 
removed from brackets after curing. Samples had an initial angle of 87 to 89°. After 
24 h in the different climates, all samples retained their shape by at least 94.7%. Hot 
water storage (95 °C) decreased the shape-retention to no less than 78.6%. 
Overall, these findings indicate improved shape retentions for all modified 
samples compared to the reference samples. However, a strong difference in shape 
retention is evident for the different modification intensities. Figure 5 displays 
samples from each charge, which were soaked in water (25 °C) for 24 h. The 
unmodified reference sample exhibited the lowest shape retention (17.4%). The 
sample with the lowest modification intensity (WPG = 107.4%) exhibited a shape 
retention of 67.7%. With increasing modification intensity, shape retention was 
noticeably improved. A WPG of 123.3% led to a shape retention of 86.6%; a WPG of 
126.4% achieved nearly full shape retention (94.7%).  
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Fig. 3. Shape retention of modified samples (5 wt% maleic anhydride, WPG = 123.3% (1.75)) 
under different climate conditions 
 
 
Fig. 4. Shape retention of modified samples (10 wt% maleic anhydride, WPG = 126.4% 
(1.25)) under different climate conditions 
 
PEER-REVIEWED ARTICLE  bioresources.com 
 
 
Herold & Pfriem (2014). “Veneer shape retention,” BioResources 9(1), 545-553.           551 
 
Fig. 5. Shape retention of veneers after 24 h in water (25 °C) 
 
 Most likely, the observed increased shape retention of the modified and 
shaped veneers resulted from a combination of effects. Thygesen et al. (2010b) 
studied the sorption behavior of differently modified wood including furfurylated 
wood (WPG=63%). Compared to native wood, furfurylated wood showed a small 
reduction of sorption below 96% RH moisture content and even increased wood water 
content above 96% RH. These results suggest that water sorption is not remarkably 
reduced by furfuryl alcohol modification or by the hydrophobic furfuryl alcohol 
polymer itself. Thus, water sorption cannot sufficiently explain the effect of furfuryl 
alcohol modification on the increased shape retention of the shaped veneers. Yet, 
WPGs were much higher in this study and water sorption sites might be more strongly 
affected. Another hypothesis for the increased shape retention is the impact of the 
polymers’ structure on the mobility of the cell wall components and the woods’ 
plasticization. Possibly, the polymer in the cell wall may build a dimensionally stable 
compound that hinders noticeable movement of the wood components. Hereby, 
results indicate that WPG might not be the most important parameter to influence the 
shape retention, as the WPGs of all modified samples were nearly similar.   Samples 
impregnated with 5 and 10 wt% maleic anhydride content in furfuryl alcohol solution 
exhibited a difference of 3.1% in WPG with a total WPG of no less than 123%. Yet, 
the shape retention of both modifications showed noticeable differences. Possibly, 
different amounts of maleic anhydride lead to different polymer structures and/or 
compositions. This suggestion is consistent with earlier findings from Thygesen et al. 
(2010a). Furthermore, samples modified with less intensity (WPG = 107.4%, 2 wt% 
maleic anhydride) showed a change in appearance after one hour in hot water (95 °C): 
small polymeric accumulations were formed on the veneers’ surface, possibly 
indicating a retarded or incomplete polymerization of furfuryl alcohol. This 





1. Furfuryl alcohol-modified samples exhibited improved shape retention compared 
to the corresponding reference samples. 
2. Shape retention increased with modification intensity. The highest shape retention 
was observed for the highest modification intensity (WPG = 126.4%, 10 wt% 
maleic anhydride). 
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3. The maleic anhydride content affects the treatment intensity, the resulting 
chemical composition and structure of the furfuryl alcohol polymer in the cell 
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Changes in Cell Wall Dimensions during the Different 
Stages of Furfuryl Alcohol Modification 
 
Nadine Herold,* Claudia Lenz, and Alexander Pfriem 
 
Furfuryl alcohol modification of wood is a well-known process for wood 
property enhancement. The present project focuses on veneer molding for 
high-value applications using the plasticizing effect of furfuryl alcohol. 
Adding maleic anhydride to furfuryl alcohol leads to an acid-catalyzed 
polymerization of furfuryl alcohol at elevated temperatures, fixing the 
shape of the veneer. In contrast to water or water vapor treatment, furfuryl 
alcohol-modified cell walls face a lower degree of shrinkage due to the 
polymer formation and possibly experience less drying-induced cracks. 
Earlier studies show a distinct influence of maleic anhydride on the curing 
of furfuryl alcohol. To determine the impact of different maleic anhydride 
contents on the polymer formation and the corresponding shrinkage of 
wood cell walls, microscopic studies were carried out on various maple 
microtome sections (Acer sp.), i.e., when dry, water-impregnated, after 
furfuryl alcohol impregnation, and after curing at elevated temperatures. 
At each state, the cell walls of 30 appointed early wood cells were 
determined by cell wall area measurements. The lowest shrinkage of 
impregnated samples was realized by using 10 wt% maleic anhydride in 
the impregnation solution and after 48 h soaking. Here, cell wall shrinkage 
could be reduced by approx. 42.6% compared to water-impregnation.    
 
Keywords: Furfuryl alcohol modification; Maleic anhydride content; Microscopy; Plasticization; 
Shrinkage; Wood cell wall 
 
Contact information: Faculty of Wood Science and Technology, Eberswalde University for Sustainable 
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 In the automobile and yacht interior industries, valuable wood veneer is of great 
interest for decorative purposes. However, veneer application on surfaces is limited to 
simple shapes due to mechanical restrictions. During the molding process, various stresses 
are applied to the veneer. Resulting cracks cause significant damage to the veneer 
(Wagenführ et al. 2005). In the past several decades, various attempts have been made to 
improve the molding behavior of wood and wood veneer. However, all approaches (e.g. 
anhydrous ammonia for impregnation (Schuerch 1966), angle grinded veneer bond to 
fleece (Leimeister 2008), enzymatic (Goswami et al. 2007), and hygrothermal treatments 
of wood and wood veneer) have one or more disadvantages. For this reason, many modern 
manufacturers working with veneer bending or molding use water or water vapor for 
veneer plasticization, although they have to accept the disadvantage of set-recovery of the 
molded veneers and material failure due to drying-induced shrinkage.  
The present project focuses on furfuryl alcohol modification of wood veneer to 
improve the veneers’ molding ability. Furfuryl alcohol modification of wood is a well-
known process for wood property enhancement (Epmeier et al. 2004; Lande et al. 2004; 
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Esteves et al. 2011). In addition to the known benefits, furfuryl alcohol treatment 
plasticizes wood similar to water usage and enhances the molding behavior of veneers 
(Herold and Pfriem 2013). Adding maleic anhydride to furfuryl alcohol leads to an acid-
catalyzed polymerization of furfuryl alcohol at elevated temperatures resulting in a dark-
brown polymer (e.g., Barr and Wallon 1971; Choura et al. 1996; Guigo et al. 2007). The 
complex polymer residing primarily inside the cell wall significantly reduces the set-
recovery of modified veneer samples compared to water treated samples (Herold and 
Pfriem 2014).  
For the present work, microscopic studies were performed on maple microtome 
sections (Acer sp.) to evaluate the swelling and shrinkage due to furfuryl alcohol 
impregnation and polymerization. Microscopic studies on furfuryl alcohol penetration into 
wood cell walls were done earlier by Buchelt et al. (2012). Results exhibit a retarded 
penetration of furfuryl alcohol into the cell wall, which induces swelling. For purposes of 
process development of furfuryl alcohol-modified veneer for improved molding, it is of 
interest to gain further knowledge about the degree of swelling due to furfuryl alcohol 
impregnation compared to the use of water and about the effect of modification on wood 
cell walls after the curing step. Earlier studies show that the maleic anhydride content in 
the furfuryl alcohol solution significantly influences the furfuryl alcohol polymerization 
(Herold et al. 2013). Lower maleic anhydride content leads to lower weight percentage 
gains (WPG) corresponding with higher furfuryl alcohol evaporation from the cell wall. 
To determine the influence of maleic anhydride content on the polymer formation inside 
the cell wall, samples were impregnated with furfuryl alcohol containing 0, 5, and 10 wt% 
maleic anhydride. Results from furfuryl alcohol impregnation are compared to cell wall 






 For this study, cross-section microtome samples (thickness 20 μm) were cut from 
a single piece of European maple wood (Acer sp.). For each microtome section, 30 early 
wood cells were defined to be surveyed. Each cell was measured under four conditions: 
dry, water-impregnated, furfuryl alcohol-impregnated, and cured states. At first, the 
microtome sections were impregnated with water at low pressure (80 mbar) for 15 min. 
After the microscopic photographs were taken and saved for subsequent measurements of 
the cell wall, the microtome sections were dried at 80 °C in a conventional laboratory kiln 
for 30 min. Again, microscopic photographs were taken before dry samples were 
impregnated at a low pressure (80 mbar) for 15 min with furfuryl alcohol solutions 
containing 0, 5, or 10 wt% maleic anhydride. Furfuryl alcohol was provided by 
International Furan Chemical B.V., Rotterdam, The Netherlands, and maleic anhydride 
(p.A.) was obtained from Merck KGaA, Darmstadt, Germany. For each charge, 
microscopic photographs were taken directly after impregnation for one half of the 
samples. The remaining samples were left in their respective furfuryl alcohol solutions to 
soak for 48 h before being microscopically evaluated, as increased swelling has been 
reported for samples soaked for longer periods of time (Buchelt et al. 2012; Hermescec et 
al. 2002). Immediately after photographing the impregnated state (with and without 
soaking), samples were cured at 120 °C for 15 min in a conventional laboratory kiln. To 
avoid sticking to the microscope slide, a plastic film (Exact-Film 210 from Exact Plastics) 
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was placed between the microtome section and the microscope slide. Final microscopic 
images were taken after curing. 
 
Microscopic Studies 
 The microscope used for this study was an Olympus BX41, equipped with a digital 
CCD camera and an additional reflected fluorescence system using a mercury lamp. For 
this study, a FITC filter was used as the excitation filter. The TSO-Software NewVidmess 
was used for all measurements.  
The cell walls were measured for all conditions described above using a 500-fold 
magnification. For each condition and cell, three measurements were done for the lumen 
and cell area (Fig. 1).  
 
 
Fig. 1. Cell wall measurement. 
 
Subsequently, the cell wall areas were calculated from the mean of the total cell 
area and lumen and area swelling coefficients were determined according to Buchelt et al. 
(2012). However, for the present study the dry cell wall areas were used as the basis to 





∗ 100                                                         (1) 
 
where S is the Area swelling coefficient [%], Aa,b,c is the cell wall area when water-




RESULTS AND DISCUSSION 
 
In general, area swelling coefficients at chosen conditions vary strongly between 
the individual cells, explaining the high variety of values in Figs. 2 to 4. Buchelt et al. 
(2012) explained this high variation by size and available space. Furthermore, the 
microfibril angle, especially of the S2-layer, influences the swelling and shrinking behavior 
of the wood cells (Cave 1972; Boyd 1977; Pang 2002; Burgert et al. 2007) as well as the 
cellulose volume ratio (Cave 1972), thickness of the S2-layer relative to the S1-layer of the 
cell wall, and the degree of lignification (Boyd 1977). Pang (2002) concludes shrinkage to 
be a combined effect of cell wall shrinkage and lumen shape change influenced by other 
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tissues. All of these parameters vary with each cell and possibly lead to the wide range of 
values measured. 
Results for water-induced cell wall swelling are given in Figs. 2 to 4. Means of 
water impregnated area swelling coefficients ranged from 39 to 45%. The impregnation of 
the maple microtome sections with neat furfuryl alcohol and without soaking increased the 
cell wall area by approximately 35% (Fig. 2). Furfuryl alcohol impregnation with 
additional soaking time promoted the penetration of furfuryl alcohol into the cell wall, 
resulting in higher cell wall swelling (approximately 42%, Fig. 2). These results are in good 
accordance with the findings of Buchelt et al. (2012). Furthermore, furfuryl alcohol 
impregnated samples with extended soaking time exhibited similar cell wall swelling to 
that of water-soaked cell walls. This finding supports the earlier assumption from the 
cupping test with samples prepared in a similar manner to this study (Herold and Pfriem 
2013). Hereby, furfuryl alcohol and water-impregnated samples gave similar results 
regarding the shaping path. The shaping path has been used for indicating the molding 
capability and plasticization. 
Finally, the heat treatment (120 °C) of the samples displayed in Fig. 2 led to full 
furfuryl alcohol evaporation due to a missing initiator for furfuryl alcohol polymerization. 
Consequently, no noticeable change can be noticed between cured and dry cell walls. 
 
 
Fig. 2. Cell wall changes of samples impregnated with neat furfuryl alcohol. Left: Without soaking. 
Right: After soaking. Box plots depict minimum, 1st quartile, median, 3rd quartile, and maximum; 
outliers are plotted as individual points. 
 
Samples impregnated with furfuryl alcohol solutions containing 5 and 10 wt% 
maleic anhydride were prepared to determine the impact of maleic anhydride and soaking 
on the cell wall after curing. Results are demonstrated in Fig. 3 and 4 for samples 
impregnated with furfuryl alcohol solution containing 5 resp. 10 wt% maleic anhydride. 
Similar to the results from neat furfuryl alcohol impregnation, cell wall swelling was higher 
after soaking compared to that immediately after furfuryl alcohol impregnation. 
Furthermore, results from cell wall measurements after curing showed the effect of soaking 
on the polymer formation inside the cell wall. Without soaking, the cell wall area was 
increased by 6.2% resp. 12.2% compared to dry conditions. Samples left in furfuryl alcohol 
for soaking exhibited higher permanent cell wall swelling at the cured state (18.4% resp. 
24.8%). 
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Fig. 3. Cell wall changes of samples impregnated with furfuryl alcohol containing 5 wt% maleic 
anhydride. Left: Without soaking. Right: After soaking. Box plots depict minimum, 1st quartile, 




Fig. 4. Cell wall changes of samples impregnated with furfuryl alcohol containing 10 wt% maleic 
anhydride. Left: Without soaking. Right: After soaking. Box plots depict minimum, 1st quartile, 
median, 3rd quartile, and maximum; outliers are plotted as individual points. 
 
The impact of maleic anhydride content and soaking on the furfuryl alcohol 
polymer formation in the cell wall can be visualized in Fig. 5. Generally, higher curing-
induced shrinkage was observed for samples impregnated with furfuryl alcohol solutions 
containing lower maleic anhydride contents and for samples prepared without soaking. No 
noticeable change in the cell wall dimensions was detected for samples impregnated with 
neat furfuryl alcohol. For these samples, soaking had no influence on the cured cell wall.  
As shown before in detail, for the samples impregnated with furfuryl containing 5 
and 10 wt% maleic anhydride, soaking significantly influenced the cell wall swelling as 
well as the cell wall area after curing. Samples impregnated with furfuryl alcohol 
containing 5 wt% maleic anhydride had a mean cell wall area swelling coefficient of 6.2% 
when cured immediately after impregnation. On the other hand, samples prepared with 
additional soaking time exhibit higher cell wall area swelling (18.4%) after curing at 120 
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°C. In comparison to these samples, less cell wall shrinkage was found for cured samples 
impregnated with furfuryl alcohol solutions containing 10 wt% maleic anhydride. Without 
soaking, cell walls exhibited an increase in area of approximately 12.2%. In comparison, 
additional soaking doubled the cell wall area increase (24.8%). Inversely concluded, 
samples impregnated with furfuryl alcohol containing 10 wt% maleic anhydride and with 




Fig. 5. Changes in cell wall area due to furfuryl alcohol modification after curing using 0, 5, and 
10 wt% maleic anhydride 
 
These results are in compliance with results from earlier studies. Those studies 
suggest a significant influence of the maleic anhydride content on the furfuryl alcohol 
polymerization and polymer formation. Lower maleic anhydride contents has been found 
to result in lower degrees of polymerization and lower weight percentage gains (WPG) 
compared to higher maleic anhydride contents (Herold et al. 2013). 
Results of the present study negate the feasibility of a permanently and fully 
swollen wood cell wall by furfurylation to avoid unfavorable shrinkage and resulting 
cracks. However, shrinkage can be noticeably reduced by furfurylation compared to water-
impregnation with similar wood cell wall swelling, indicating a similar degree of 
plasticization. 
Conclusions from this study are only applicable to furfuryl alcohol modification of 
maple microtome sections (Acer sp.). Such samples are characterized by a higher ratio of 
surface area to cell wall volume compared to veneer samples used in an industrial process. 
Thus, furfuryl alcohol evaporation might be less intense for veneer modification, resulting 
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CONCLUSIONS 
 
1. On a microscopic level, furfuryl alcohol impregnation of European maple microtome 
sections (Acer sp.) followed by 48 h of soaking in furfuryl alcohol leads to similar cell 
wall swelling as that found for water-impregnation. 
2. During the curing process, European maple microtome sections (Acer sp.) impregnated 
with furfuryl alcohol solutions containing 0, 5, or 10 wt% maleic anhydride to initiate 
furfuryl alcohol polymerization shrink due to furfuryl alcohol evaporation and loss of 
water from condensation reactions. Treatment solutions using lower maleic anhydride 
contents cause noticeably higher shrinkage. 
3. Compared to the use of water for wood cell wall plasticization and the subsequent 
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Abstract: 
Dynamic Mechanical Thermal Analysis (DMTA) has been used to monitor the change in wood 
veneer stiffness due to furfuryl alcohol impregnation and plasticization of wood components and 
subsequent polymerization of furfuryl alcohol within wood material.  This explains the 
improvement in the moulding ability of wood veneer where furfuryl alcohol aids in wood 
plasticization, and the increase in moulded shape stability achieved when furfuryl alcohol is 
polymerized within wood cell walls. 
1 Introduction 
Decorative wood veneers applied to surfaces of carrier materials give products a 
high-quality appearance. Such products find application in the design of furniture 
and for interiors of automobiles, and yachts. Carrier components can be usually 
designed in a great freedom of form and dimension. However, the application of 
veneer on irregularly shaped surfaces is restricted due to the veneer’s mechanical 
limitations. During veneer moulding, applied stresses often exceed the material’s 
strain limits resulting in the veneer fracturing and moulded product failure 
(Wagenführ and Buchelt 2005). Additionally, cracks may occur due to shrinking 
after drying the veneer. Over the last decades, various approaches have been 
developed to reduce veneer failure during moulding (e.g. Leimeister 2008; 
Schuerch 1966).Each improvement in the process may, however, be accompanied 




































































In the present study, furfuryl alcohol impregnation has been used for veneer 
modification. Previously, furfuryl alcohol has been shown to plasticize wood and 
wood veneer (Buchelt et al. 2013; Herold et al. 2014a; Pfriem and Buchelt 2010) 
enabling improvements in veneer moulding (Herold and Pfriem 2013). During 
this process, furfuryl alcohol can be polymerized within wood cell walls at 
elevated temperatures if an initiator, such as maleic anhydride is present (Hersh 
1947; Schneider 2002). The furfuryl alcohol cured polymer is described as a very 
hard, insoluble substance (Dinelli and Marini-Bettolo 1941) providing the 
modified and moulded veneer with improved shape stability (Herold and Pfriem 
2014b).  
 
Prior studies using differential scanning calorimetry (DSC) have revealed 
information on kinetics of furfuryl alcohol polymerization reaction (Guigo et al. 
2007; Herold et al. 2013; Kelley et al. 1982). In the present investigation, DMTA 
was carried out to obtain complementary information on the viscoelastic behavior 
of furfuryl alcohol impregnated veneer samples during temperature induced 
polymerization.    
2 Materials and methods 
Veneer specimens. Maple rift veneer samples (Acer spec.) were cut in rectangular 
shape with 5.3- 5.9 mm in tangential direction and 25 mm in longitudinal 
direction. The thickness of unmodified veneer was 0.57 mm. Veneer specimens 
were kiln-dried at 80 °C.  
 
Modifying reagent. Furfuryl alcohol (> 98 vol.–%) was provided by International 
Furan Chemical B.V., Rotterdam, The Netherlands. Maleic anhydride (P.A.) was 
obtained from Merck KGaA, Darmstadt, Germany. 
 
Veneer modification. In the first stage of modification, the specimens were 
evacuated at 100 mbar for 30 min, followed by impregnation with furfuryl alcohol 
at 100 mbar for 3 h and soaking for 24 h. The furfuryl alcohol contained 5 wt.-% 




































































Analysis. DMTA was carried out using a Rheometrics DMTA V instrument 
equipped with a single cantilever device. Viscoelastic measurements were 
performed at a heating rate of 4 °C/min from 23 to 200 °C applying a 1 Hz 
frequency and 0.05% strain.  
 
3 Results and Discussion 
Generally, temperature change has a significant impact on mechanical properties 
of materials. The acquired DMTA data show (Fig.1) the effects of temperature 
change on unmodified and furfuryl alcohol impregnated maple veneer. The 
normalized storage modulus describes the relative stiffness of the viscoelastic 
material, whereas the loss factor (tan d) defines the ratio of storage modulus and 
loss modulus, indicative of the ratio of elastic and viscous behaviour. 
 
With increasing temperature, the storage modulus of the wood reference sample 
was observed to decrease continuously whereas the loss factor showed a broad 
absorption until ca. 130 °C coincident with some moisture induced softening of 
wood components (Cousins 1976; Lenth and Sargent 2008; Salmén and Back 
1977; Salmén 1984). Above 130 °C, the loss factor increased steadily depicting a 
more viscous behaviour of the veneer consistent with further wood component 
softening, this temperature being above the lignin glass transition (Blechschmidt 
et al. Stephan 1968; Hatakeyama et al. 1982; Irvine 1985). In comparison, 
furfuryl alcohol impregnated veneer showed contrasting DMTA behaviour. 
Impregnation led to greater veneer softening on initial heating. This result is in 
accordance with findings from earlier studies suggesting furfuryl alcohol induced 
plasticisation of veneer and an enhanced mouldability (Herold and Pfriem 2013b; 
Herold et al. 2014). Furthermore, softening increased on heating until ca. 80 °C 
(tan δ=0.11) suggesting greatest mouldability of the impregnated veneers at this 
temperature. Above 80 °C the storage modulus increased with an associated 
decline in the loss factor value until ca. 165 °C. This behaviour can be explained 
by the heat-induced polymerisation of furfuryl alcohol initiated by maleic 
anhydride catalyst (Schneider 2002), where the polymer formed within the wood 
cell walls resulted in a stiffer veneer. Above 165 °C further wood component 



































































loss factor values at 25 °C (0.07) and 200 °C (0.04) demonstrated the distinct 
change of the viscoelastic properties of the veneer modified upon furfuryl alcohol 
polymerization. 
4 Conclusions 
The results from the DMTA temperature sweep of veneer impregnated with 
furfuryl alcohol containing 5% maleic anhydride initiator described the changes in 
the sample viscoelastic behaviours over a temperature range from 25 to 200 °C. 
Results confirm the plasticizing effect of furfuryl alcohol on wood veneer by 
greater softening behaviour of the wood components at 25°C compared to the 
untreated reference veneer at the same temperature. There was further softening of 
the impregnated specimens on heating to 80 °C, suggesting improved veneer 
moulding behaviour at this temperature. Further heating resulted in the 
polymerization of furfuryl alcohol within wood corroborating other reported 
results for the onset of polymerisation of furfuryl alcohol within wood. 
Furthermore, the effect of polymer formation within the veneer resulted in 
improved stiffness of the modified veneer through reinforcement provided by the 
wood cell wall and furfuryl alcohol polymer composite.    
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Fig. 1 Dynamic mechanical thermal analysis; Temperature sweep of unmodified maple veneer 
(reference) and furfuryl alcohol impregnated maple veneer samples.  
Abb. 1 Dynamisch-mechanische Thermo-Analyse; Temperaturdurchlauf einer unbehandelten und 
einer mit Furfurylalkohol imprägnierten Ahorn- Furnierprobe.  
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